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The pointing accuracy of the tracking antenna used in a radar 
guided homing missile is reduced by a streamlined radome. This can 
have serious effects on the missile’s performance. The pointing error 
of a microwave antenna inside a radome can be predicted with fair 
accuracy provided that the radome and antenna diameters are ten or 
more wavelengths. This is done, basically, by determining the 
modified aperture distribution, taking account of the varying phase 
shift through different parts of the radome. The polar diagram of 
the modified aperture distribution is then calculated.
If the radome diameter is only about five wavelengths this 
procedure (the 'insertion diffraction theory') is not usually 
adequate. The pointing error can be calculated from known aperture 
fields, under reasonable conditions, for small antennas. The 
inadequacy of the theory is therefore mainly due to the inability to 
calculate the aperture fields with sufficient accuracy. The reasons 
for the failure of the ray tracing procedure are discussed and it is 
shown that scattering by the tip of the radome, surface waves guided 
by the radome and multiple scattering (interaction) between the 
antenna and the radome would be expected to modify the aperture fields 
and introduce pointing errors.
The propagation of surface waves on radomes is investigated and 
a calculation of the pointing error due to the EE surface wave is 
carried out. Experiments showed that surface waves can be troublesome 
on a very lossy radome but for the small ceramic radomes used in this 
research they are not significant.
A method is described for calculating the pointing error caused 
by interaction between an antenna and an infinite plane dielectric 
sheet of uniform thickness. This method is not generally applicable
ABSTRACT
t
to'‘radomes and a method for radomes is developed. It is found that 
interaction is a serious cause of error, especially if the radome 
has a low dielectric constant. The tip scattering effect is also 
found to give large pointing errors in small radomes.
The effect of radome diameter (measured in x^avelengths) on 
each of the sources of error is examined and it is shown that, 
whereas the pointing error due to phase variation effects is 
inversely proportional to size, the errors due to the other effects 
vary much more rapidly. This explains why the latter are only of 
second order importance in large radomes but become predominant in 
small ones. It is shown that a high dielectric constant is 
essential for small radomes which are to be used over a narrow 
frequency band.
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51.1 The background to the problem
A radome is a protective cover for a microwave aerial, and it is 
designed to be transparent to electromagnetic radiation in the 
frequency range of the aerial. This thesis is concerned with radomes 
for high speed guided missiles of the homing type, for which the 
radome is typically a conical or ogival shell of dielectric material.. 
Fig.1.1 shows the three shapes of radome which have been used in the
present programme. All the radomes are axially symmetric.
A homing missile detects radiation from the target and steers 
itself so as to collide with the target. The missile may be passive, 
in which case it homes on radiation originating from the target, for 
example infra-red radiation from the exhaust of the engines.
Alternatively the missile may be of the active type, in which case it
carries a radar transmitter to illuminate the target as well as a 
receiver to detect the radiation scattered from the target. The 
semi-active missile is a compromise between the active and passive 
systems, and it carries a radar receiver to detect reflections from 
the target which is illuminated by an auxiliary transmitter. This 
transmitter is located on the ground (or on a ship) for surface to 
air missiles or in the missile's parent aircraft for air to air 
missiles.
The semi-active principle is the most widely used for long 
range radar guided missiles. This is because the limited transmitter 
power and aerial gain available restrict the range of active systems 
and also because of their increased cost and complexity.
1.2 Guidance methods
There are several ways in which the missile, having computed the 
target bearing, can steer itself to intercept the target. The most
CHAPTER 1 - INTRODUCTION
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6obvious course is to fly straight towards the target, always along the
<
!instantaneous line of sight. This is known as a pure pursuit course.
1It is shown by Clemow that such a course always ends as a tail chase 
and it has the disadvantage that a high rate of turn is required as 
the target is approached. A high rate of turn is usually associated 
with large miss distances. This is undesirable because the 
probability of destroying the target decreases rapidly as miss dis­
tance increases. Another disadvantage of the pure pursuit course is 
that a target of higher speed than the-missile cannot be caught. The 
pure pursuit course is only useful if a slower, non-manoeuvring target 
is being attacked from near dead astern.
A second type of pursuit course is the deviated pursuit course. 
In this course the angle between the missile's velocity vector and 
the line of sight from missile to target (the lead angle) is fixed.
If the lead angle is zero then a pure pursuit course results. An 
. 2analysis of the deviated pursuit course for a target which flies in 
a straight line shows that, under some circumstances, infinite lateral 
acceleration is required.
A  constant bearing collision course (Fig.1,2) is one in which 
the line of sight maintains a constant bearing in space. For a 
target of constant velocity the missile flies in a straight line to 
the point of collision. This is a particular case of the deviated 
pursuit course, and as the missile is not required to turn it can fly 
at maximum speed. Since no terminal acceleration is required of the 
missile its accuracy should be high.
In practice the line of sight tends to rotate, and to counter 
this tendency a method known as proportional navigation is employed. 
Under ideal circumstances this gives a constant bearing collision 
course. In this method the rate of change of missile heading angle
M is s il e  Co u r se
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7is made proportional to the rate of rotation of the sight line. This
/
Icannot be done exactly, of course, because it would require instan­
taneous measurement of sight line rate and instantaneous response by 
the missile. The constant of proportionality (the navigation con­
stant) lies typically in the range 3 to 7.
A radar guided homing missile measures the rate of rotation of 
the sight line by means of a homing head, which contains the following 
components:
(i) The aerial, its suspension and servo motors.
(ii) The associated microwave circuits and the radar receiver.
(iii) A gyroscope with its torque motors and position piclc-offs.
(iv) Computing circuits.
1The operation of a typical homing head is described by Clemow .
1.3 The effect of the radome on homing missile performance
The aerial is usually placed at the front of the missile so it 
must be protected by a radome. The radome has to meet several con­
flicting requirements. It must be strong enough to withstand the 
aerodynamic loading and have adequate resistance to erosion by rain 
and hail. Since a missile undergoes rapid acceleration to supersonic 
speeds considerable heating takes place and the radome must survive a 
severe thermal shock. A further undesirable effect of heating is the 
change in the electrical properties of the radome which may modify the 
radiation pattern of the aerial and iixcrease the transmission loss 
through the radome.
The radome must also have a shape which is aerodynamically 
suitable. Many early radomes were hemispherical but this shape gives 
too much drag for most applications and more streamlined shapes are 
usually employed. For high supersonic speeds the drag depends 
essentially on the square of the fineness ratio. The fineness ratio
is the ratio of length to base diameter and a high value of fineness
/
ratio is necessary for low drag. Unfortunately a streamlined radome 
often causes the missile's performance to fall far short.of that 
theoretically obtainable with a perfect radome. This is because the 
radome distorts the radiation pattern of the aerial resulting in an 
angular error in the line of sight measured by the homing head.
This angular error is a function of the angle between the aerial axis 
and the missile axis (the angle of look) and of the plane in which 
the aerial is offset.. It also depends on the polarisation of the 
aerial and the incoming wave and on the frequency. In general the 
error has a component both in the plane of offset and in the plane 
perpendicular to both the plane of offset and the aperture plane.
The angular pointing error is termed radome boresight error in 
the USA. In this country the term radome aberration is widely 
employed and will be used in this thesis.
To understand the effect of aberration 011 missile behaviour 
consider, for simplicity, a missile attacking a target in a single 
plane engagement (Fig.1.3a). Suppose a small fluctuation occurs in 
the attitude of the missile. The radome also moves, since it is 
attached to the missile body, but the aerial is kept locked on to 
the apparent target position by the servo system. The relative 
movement changes the angle of look from 0  ^ to 0 ^  and the 
aberration from 0^ to 0^ (Fig.1.3b). If the target is at long 
range the change in true sight line is negligible, but an apparent 
rotation of the sight line is detected, giving rise to a demand for 
a proportional change in the missile heading angle rate.
It follows that the missile can become unstable if the slope 
of the aberration curve is negative and sufficiently large and if 
the phase response of the loop is appropriate. This makes the
, £ 3 ^ r )
9missile completely ineffective. If, on the other hand, the aberration 
curve has a large positive slope the missile response becomes sluggish 
and large miss distances are obtained. It is therefore essential to 
minimise the slope of the aberration curve.
The adjustment of the control system parameters to suit the
aberration characteristics of the aerial-radome system and the effect
3of aberration characteristics on performance have been investigated .
1.4 The scope and aims of the research
The work described in this thesis formed part of a programme of 
research carried out by Elliott Brothers (London) Ltd. for the 
Ministry of Technology. The object of this research programme was to 
obtain an improved understanding of radome aberration and its effect 
on the performance of homing missiles, the ultimate purpose being to 
make it possible to design radomes of better performance than that 
previously obtained. To make this possible there are two main 
requirements:
(1) An adequate theory of the electromagnetic aspects of 
aberration, including correcting devices and the effect on aberration 
of tolerances in radome construction.
(2) A method of assessing the quality of a radome from its 
aberration characteristics. (This would also be useful in production 
testing.)
The author has been concerned mainly with the electromagnetic 
problems, which become progressively more difficult as the diameters 
of the aerial and the radome (relative to the wavelength) decrease.
The research has led to an improved understanding of radome aberra­
tion. This understanding, together with the knowledge of correcting 
devices which has been obtained and the radome criteria developed by 
the author's colleagues, made it possible to draw up a radome design
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p ro ced u re .  T his  p rocedu re  i s  p a r t i c u l a r l y  a p p l i c a b le  to  sm a ll  radomes 
( i . e .  th o se  w i t h  d ia m eters  o f  o n ly  a few w a v e le n g t h s ) .  The radome 
c r i t e r i a ,  th e  r e s u l t s  o f  th e  t o l e r a n c e  s t u d i e s ,  th e  work on c o r r e c t i n g  
d e v ic e s  and th e  d e s ig n  p rocedu re  are  p r e s e n te d  in  R e f . 3 . Only the  
a u th o r 's  work on th e  p r i n c i p a l  e l e c t r o m a g n e t ic  problems i s  d e s c r ib e d  
in  t h i s  t h e s i s .
In  Chapter 2 th e  ' i n s e r t i o n  d i f f r a c t i o n  th eo ry '  o f  radome 
a b e r r a t io n  i s  d e s c r ib e d ,  b o th  in  i t s  b a s i c  form and in  a m o d if ied  
form which a l lo w s  a s i m p l i f i e d  model to  be used fo r  p r a c t i c a l  
r e c e i v i n g  a e r i a l  s y s te m s .  The th eo ry  i s  f a i r l y  s u c c e s s f u l  in  p r e d i c t ­
in g  th e  a b e r r a t io n  o f  l a r g e  radomes but i t  i s  shown to be in a d eq u a te  
when a p p l ie d  to  sm a ll  radomes. The p o s s i b l e  rea so n s  f o r  t h i s  are  con­
s i d e r e d .  These in c lu d e  th e  assu m ption  o f  l o c a l  p la n e n e s s  f o r  the  
curved radome w a l l ,  s c a t t e r i n g  a t  th e  radome t i p ,  p ro p a g a t io n  o f  gu ided  
waves on the radome and i n t e r a c t i o n  (m u l t ip le  s c a t t e r i n g )  betw een  th e  
a e r i a l  and th e  radome.
Chapter 3 i s  concerned  w ith  waves guided by radomes. A radome 
i s  a tap ered  tube and so the th eo ry  o f  waves gu ided  by d i e l e c t r i c  
tu b es  i s  o f  i n t e r e s t .  These i n c lu d e  a x i a l ,  az im u th a l and w h is p e r in g  
g a l l e r y  modes. The th eo ry  o f  a x i a l l y  gu ided  waves i s  summarised and 
i t  i s  shown by p h y s i c a l  r e a s o n in g  th a t  the o th e r  two ty p es  o f  wave 
are  n o t  im portant from th e  p o in t  o f  v iew  o f  a b e r r a t io n .  Computer 
programmes w r i t t e n  to  s o l v e  th e  c h a r a c t e r i s t i c  eq u a t io n  fo r  a x i a l  
s u r fa c e  wave p ro p a g a t io n  on l o s s  f r e e  d i e l e c t r i c  tubes r e v e a l  
i n t e r e s t i n g  f e a t u r e s  o f  th e  b eh a v io u r  o f  the waves which are r e l e v a n t  
to  p ro p a g a t io n  on radomes. The e f f e c t  o f  d i e l e c t r i c  l o s s e s  on the  
p ro p a g a tio n  o f  s u r fa c e  waves on rods and tubes i s  d i s c u s s e d  and i t  i s  
shown th a t  a f a s t  s u r fa c e  wave p ro p a g a tes  on a l o s s y  radome, a f f e c t i n g  
th e  a b e r r a t io n .
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An u n s u c c e s s f u l  a ttem p t to  a n a ly s e  s u r fa c e  wave p ro p a g a t io n  on a 
ta p ered  d i e l e c t r i c  rod i s  d e s c r ib e d .  The th eory  o f  a z im u th a l  waves on 
a c y l in d e r  i s  a p p l ie d  to  th e  c a l c u l a t i o n  o f  l o s s e s  due to  r a d i a t i o n  
from a x i a l  s u r f a c e  waves on o g i v e s .  The a b e r r a t io n  due to  the ^ ^ 2  
a x i a l  s u r fa c e  w ave, which  i s  n ear  c u t  o f f  a t  3 cm fo r  th e  radomes 
u sed , i s  c a l c u l a t e d  f o r  a r e l a t i v e  power o f  1% in  th e  s u r fa c e  w ave.
Two a ttem p ts  to  d e t e c t  a b e r r a t io n  due to  s u r fa c e  waves are  d e s c r ib e d .
In  Chapter 4 th e  i n t e r a c t i o n  betw een a r e c e i v i n g  a e r i a l  and a 
p la n e  d i e l e c t r i c  s h e e t  i s  i n v e s t i g a t e d  and a th eory  i s  d eve lop ed  
w hich i s  s u c c e s s f u l  i n  p r e d i c t i n g  th e  e s s e n t i a l  f e a t u r e s  o f  the  
r e s u l t i n g  a b e r r a t io n .  The th eo ry  i s  found to be u n s u i t a b le  fo r  
a p p l i c a t io n  to sm a ll  radomes b ut e x p la in s  ex p er im en ta l  r e s u l t s  
o b ta in e d  w ith  a sm a ll  a e r i a l  i n  a l a r g e  radome. A method fo r  
i n v e s t i g a t i n g  th e  a b e r r a t io n  caused  by i n t e r a c t i o n  in  sm a l l  radomes 
i s  d e s c r ib e d  and i t  i s  shown th a t  i t  i s  m ain ly  r a d i a t i o n  s c a t t e r e d  
a t  w ide a n g le s  from th e  r e c e i v i n g  a e r i a l  which i s  r e s p o n s i b l e .  The 
e f f e c t  i s  found to  be l e s s  s e v e r e  a t  f r e q u e n c ie s  below  th e  d e s ig n  
freq uency  and more s i g n i f i c a n t  a t  h ig h e r  f r e q u e n c ie s  f o r  the radomes 
u sed .  A s p e c i a l l y  d e s ig n e d  a e r i a l  which has th e  u s e f u l  p ro p er ty  o f  
s c a t t e r i n g  o n ly  a sm a ll  f r a c t i o n  o f  th e  energy i n c i d e n t  upon i t  
s u b s t a n t i a l l y  redu ces  th e  a b e r r a t io n  caused  by i n t e r a c t i o n  in  many 
c a s e s .  The v a l i d i t y  o f  th e  method o f  e s t im a t in g  th e  a b e r r a t io n  i s  
examined and t h i s  r e v e a l s  an a x i a l  p e r tu r b in g  wave w hich  i s  n o t  a 
s u r f a c e  wave and w hich  i s  a t t r i b u t e d  to  s c a t t e r i n g  a t  th e  t i p  o f  
th e  radome. F i n a l l y ,  th e  e f f e c t  o f  radome s i z e  and d i e l e c t r i c  con­
s t a n t  on the a b e r r a t io n  caused  by i n t e r a c t i o n  i s  d i s c u s s e d .
Chapter 5 c o n ta in s  a summary and p r e s e n t s  the c o n c lu s io n s  
drawn from th e  r e s e a r c h .
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CHAPTER 2 -  THEORIES OF RADOME ABERRATION
2 .1  Radome typ es
Radomes c o n s i s t i n g  o f  m u l t i p l e  la y e r s  o f  d i f f e r e n t  d i e l e c t r i c  
m a t e r ia l s  have been used  e x t e n s i v e l y  fo r  a i r c r a f t  but th ey  are n o t  
commonly employed on h ig h  speed  m i s s i l e s ,  and th e  t h e s i s  i s  concerned  
w ith  m o n o l i t h ic  ( s i n g l e  l a y e r )  radomes.
The th eory  o f  th e  t r a n s m is s io n  o f  a p la n e  e le c t r o m a g n e t ic  wave 
through a l o s s  f r e e  p la n e  d i e l e c t r i c  s h e e t  o f  i n f i n i t e  e x t e n t  shows4 
th a t  the wave i s  t r a n s m it t e d  w i th o u t  r e f l e c t i o n  i f  th e  t h i c k n e s s ,  
d, o f  the s h e e t  i s  r e l a t e d  to  th e  f r e e  sp a ce  w a v e le n g th ,  A^, in  
the f o l l o w i n g  way:
d „ - ■ " —  (2-1)
0 2 A  -  s i n 2 i
where n i s  a p o s i t i v e  i n t e g e r ,  K i s  the d i e l e c t r i c  c o n s ta n t  and 
i  th e  a n g le  o f  i n c i d e n c e .  The t r a n s m is s io n  c o e f f i c i e n t  i s  u n i ty  
fo r  p o l a r i s a t i o n  p e r p e n d ic u la r  or  p a r a l l e l  to  the p la n e  o f  
in c id e n c e  ( i . e .  th e  p la n e  c o n t a i n i n g . th e  normal to  th e  s u r fa c e  and
th e  wave n o r m a l) . The phase o f  the t r a n s m it te d  w ave, r e l a t i v e  to
th a t  o f  th e  i n c i d e n t  w ave, i s  th e  same fo r  b oth  p o l a r i s a t i o n s .
S in c e  any in t e r m e d ia t e  p o l a r i s a t i o n  can be r e s o lv e d  i n t o  p a r a l l e l  
and p e r p e n d ic u la r  com ponents, th e  t r a n s m is s io n  p r o p e r t ie s  are the  
same so long  as (2 -1 )  i s  s a t i s f i e d .  For a n g le s  o f  in c id e n c e  o th e r  
than i  the  tr a n s m is s io n  p r o p e r t i e s  depend on p o l a r i s a t i o n .  The 
tr a n s m is s io n  c o e f f i c i e n t  i s  l e s s  than u n i ty  e x c e p t  f o r  a wave 
p o la r i s e d  p a r a l l e l  to  th e  p la n e  o f  in c id e n c e  and i n c i d e n t  a t  th e  
B rew ster  a n g le ,  tan 1 Ac. I f  n = 1 in  (2 -1 )  th e  s h e e t  i s  s a i d  
to  be a ' f i r s t  ord er '  h a l f  wave s h e e t ,  and th e  radomes used in  
the p r e s e n t  work have th i c k n e s s  n ear  t h i s  v a l u e .
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2 .2  The b a s i c  i n s e r t i o n  d i f f r a c t i o n  th eory
5 .I t  was known p r e v i o u s l y  t h a t  th e  a b e r r a t io n  o f  l a r g e  h a l f  wave
radomes co u ld  be p r e d ic t e d  w i t h  f a i r  accuracy  by th e  s o - c a l l e d  
’ i n s e r t i o n  d i f f r a c t i o n ’ th e o r y .  (The term la r g e  radomes i s  used  to  
d e s c r ib e  th o se  w i t h  d ia m eter  g r e a t e r  than about ten  w a v e le n g t h s ,  i . e .  
i t  i s  the  s i z e  r e l a t i v e  to  th e  w a v e len g th  which i s  im p o r ta n t . )
In  the s im p le s t  form o f  the i n s e r t i o n  d i f f r a c t i o n  th eory  a 
p a r a l l e l  beam o f  rays i s  tr a c e d  from the ap erture  o f  a t r a n s m i t t in g  
a e r i a l  i n s i d e  a radome to  an im aginary  a p er tu re  j u s t  o u t s id e  the  
radome, as shown in  F i g . 2 . 1 .  The phase and am plitude o f  th e  f i e l d  
a s s o c i a t e d  w i th  each ray  i s  m o d if ie d  by the t r a n s m is s io n  c o e f f i c i e n t  
o f  the radome a t  th e  p o in t  o f  i n c i d e n c e .  The t r a n s m is s io n  
c o e f f i c i e n t  a t  a p o in t  on th e  radome w a l l  depends on th e  a n g le  o f  
in c id e n c e  and th e  p o l a r i s a t i o n .  Having o b ta in e d  the m o d if ied  
a p ertu re  d i s t r i b u t i o n  F(£ ,r i)  , where £ , ri a re  a p er tu r e  
c o o r d in a t e s ,  th e  f a r  f i e l d  d i f f r a c t i o n  p a t t e r n  G(B,<j>) i s  c a l c u l a t e d  
u s in g  the s i m p l i f i e d  r e s u l t  o f  s c a l a r  d i f f r a c t i o n  th eo ry  g iv e n  by 
S i l v e r 5
jk  sin0(£cos<fi+r|sin<f>) 
e U d£dn ( 2 -2 )
where R, B, <j> are th e  s p h e r i c a l  p o la r  c o o r d in a te s  o f  th e  o b serv a ­
t i o n  p o in t  and k^ = 2it/Aq . N um erica l i n t e g r a t io n  i s  u sed  to  
e v a lu a t e  the i n t e g r a l  b eca u se  th e  f i e l d  i s  e v a lu a te d  a t  a number o f  
d i s c r e t e  p o in t s  and n o t  as a co n tin u o u s  f u n c t io n .  The a b e r r a t io n  
i s  then found by d e te rm in in g  th e  d i r e c t i o n  o f  maximum i n t e n s i t y '  
w it h  r e s p e c t  to  th e  a e r i a l  a x i s .  The above e x p r e s s io n  (2 -2 )  i s  u s u a l l y  
s t a t e d  to  be v a l i d  i f :
j —e~ikR
X0R F(E.ti)
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(1) The phase i s  n e a r ly  c o n s ta n t  in  th e  a p e r tu r e .
(2) The am plitude g r a d ie n t  o f  th e  f i e l d ,  measured in  the  
d i r e c t i o n  normal to  th e  a p e r tu r e ,  i s  sm a ll  compared w ith  th e  phase  
v a r i a t i o n  e x p r e s s e d  in  w a v e le n g t h s .  However, in  p r a c t i c e  th e s e  
requ irem en ts  may be unduly r e s t r i c t i v e .  For example th e  work o f  
G o rn b le e t ,  w hich  was ex ten d ed  by S e l l e n ,  and i s  d e s c r ib e d  in
R e f . 3 ,  showed th a t  a b e r r a t io n  o f  v a r io u s  o b s t a c l e s ,  such  as p la n e  
d i e l e c t r i c  s h e e t s  o r  d i s c s  o f  m oderate i n s e r t i o n  phase  d e la y  can 
be c a l c u l a t e d  w ith  f a i r  accuracy  u s in g  th e  above th e o r y .
2 .3  The m o d if ied  i n s e r t i o n  d i f f r a c t i o n  th eo ry
2 . 3 . 1  P r a c t i c a l  r e c e i v e r s
I n s te a d  o f  r e g a r d in g  th e  a e r i a l  as a t r a n s m i t t e r ,  as in  th e  
p rev io u s  s e c t i o n ,  i t  i s  p o s s i b l e  to  implement th e  i n s e r t i o n  
d i f f r a c t i o n  th eory  when the a e r i a l  i s  a c t in g  as a r e c e i v e r  w i th  a 
wave i n c i d e n t  upon i t  from a d i s t a n t  s o u r c e .  T his approach has  
advantages f o r  b o th  t h e o r e t i c a l  work and fo r  m easurements. I t  
a l lo w s  a s i m p l i f i e d  t h e o r e t i c a l  model o f  th e  a e r i a l  sy s tem  and 
r e c e i v e r  to  be u sed .  Furthermore th e  measurement o f  th e  f i e l d s  
i n s i d e  an empty radome, i l lu m in a t e d  by a p la n e  wave was n e c e s s a r y  
f o r  some o f  the work.
As e x p la in e d  in  Chapter 1 a s e m i - a c t i v e  homing m i s s i l e  d e t e c t s  
th e  r a d i a t i o n  s c a t t e r e d  from a t a r g e t  a i r c r a f t ,  and from th e  re tu rn s  
i t  c a l c u l a t e s  the b e a r in g  o f  th e  t a r g e t .  The s im p le s t  way to  do t h i s  
would be to  use  a narrow beam a e r i a l  and turn i t  to  maximise the  
r e c e iv e d  s i g n a l .  The a n g u la r  accuracy  o f  a s im p le  d i r e c t i o n  f in d e r  
o f  t h i s  ty p e  i s  o f  th e  order  o f  one beamwidth. S in c e  i t  i s  n e c e s s a r y  
t o  have an accuracy  o f  a few m inutes  o f  arc and th e  beamwidth o f  an 
a e r i a l  o f  ra d iu s  r^ i s  a p p ro x im a te ly  A^/2r^ i t  i s  c l e a r  th a t
/
e i t h e r  A^  must be v e r y  s m a l l  or  r^ v ery  la r g e  to  o b ta in  th e  
r e q u ir e d  a cc u r a cy .  M i s s i l e  d ia m eters  a re  u s u a l l y  20 -50  cm, and 
b ecau se  o f  p ro p a g a t io n  d i f f i c u l t i e s ,  th e  h ig h  c o s t  o f  g e n e r a t in g  
m i l l im e t r e  wave power, e t c . ,  w a v e le n g th s  in  X or J band (8 -1 2  and 
1 2-18  GHz) are  g e n e r a l l y  used  to  tr a c k  and i l lu m i n a t e  th e  t a r g e t .
The beamwidth i s  then  o f  th e  order  o f  3 /3 0  ra d ia n s  or 5 .7  d e g r e e s .
One method o f  o b ta in in g  g r e a t e r  accuracy  i s  to  use  a 
c o n i c a l  scan  r e c e i v e r  ( F i g . 2 . 2 ) ,  w hich  has t y p i c a l l y  a p a r a b o l ic  
d is h  r e f l e c t o r  w ith  an o f f s e t  d ip o l e  f e e d .  The f e e d  i s  r o t a t e d  so  
t h a t  th e  a x i s  o f  th e  beam d e s c r ib e s  a cone in  s p a c e ,  th e  a x i s  o f  
th e  cone c o in c id in g  w i th  the d is h  a x i s .  The s p l i t  a n g le  ( th e  
v e r t e x  a n g le  o f  th e  cone) i s  u s u a l l y  made equal to  th e  a e r i a l  
beamwidth. When r a d i a t i o n  from a t a r g e t  i s  r e c e iv e d  by th e  a e r i a l  
th e  r e c e iv e d  s i g n a l  i s  am p litud e  modulated to  a depth  depending on 
th e  angular  d isp la ce m en t  o f  th e  t a r g e t  from the a e r i a l  a x i s .  The 
m od u la t ion  i s  a t  th e  scan  freq u en cy  and i t s  harm on ics .  The motor  
w hich spins' the f e e d  a l s o  d r iv e s  a two phase r e f e r e n c e  g e n e r a to r ,  
th e  v o l t a g e s  from which  are  a p p l ie d  to  two phase s e n s i t i v e  
d e t e c t o r s ,  t o g e t h e r  w i th  th e  d e t e c t e d  m odulat ion  s i g n a l  from the  
a e r i a l .  The o u tp u ts  o f  the phase  s e n s i t i v e  d e t e c t o r s  c o n s i s t  o f  
er r o r  s i g n a l s  rou gh ly  p r o p o r t io n a l  to  the o f f s e t  in  azimuth and 
e l e v a t i o n  o f  th e  t a r g e t  from th e  a e r i a l  a x i s .  These e r r o r  s i g n a l s  
a re  used in  a feed back  c o n t r o l  sys tem  to a l i g n  th e  a e r i a l  w i th  th e  
t a r g e t ,  i . e .  the  c o n d i t io n  i s  reached  where the am p litud e  modula­
t i o n  o f  the r e tu r n  from a p o in t  t a r g e t  o f  co n s ta n t  am plitude  i s  
z e r o .
Two typ es  o f  c o n i c a l  sca n  a e r i a l  have been  used  in  the p r e s e n t  
work, n u t a t in g  scan  and r o t a t i n g  s c a n .  In the former th e  p o l a r i s a ­
t i o n  to  which th e  a e r i a l  responds remains f i x e d  r e l a t i v e  to the
15
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a e r i a l  d i s h .  In th e  r o t a t i n g  sca n  system  th e  d ip o le  f e e d  always  
l i e s  p a r a l l e l  to  the ra d iu s  o f  th e  d is h  so  th a t  th e  p o l a r i s a t i o n  
r o t a t e s  w i th  th e  f e e d .  The two c a s e s  are  i l l u s t r a t e d  in  F i g . 2 . 3 .  
The freq uency  o f  r o t a t i o n  (scan  freq u en cy )  o f  th e  fe e d  i s  about  
30 Hz.
7 . .S e l l e n  performed an a n a ly s i s  o f  c o n i c a l  sca n  r e c e i v e r s  m
which  he s t a t e s  th a t  th e  problem  i s  co m p lica ted  by th e  f a c t  th a t  
th e  a b e r r a t io n  depends on the type o f  phase s e n s i t i v e  d e t e c t o r  
employed. One type  responds o n ly  to  s i g n a l s  a t  th e  fundam ental  
o f  the scan  fr e q u e n c y ,  in  which  c a se  th e  se r v o  sy s tem  p o s i t i o n s  
th e  a e r i a l  to  reduce th e  am p litud e  o f  th e  fundam ental freq u en cy  
in  th e  r e c e iv e d  s i g n a l  to  z e r o .  An a l t e r n a t i v e  form o f  d e t e c t o r  
sam ples the r e c e iv e d  s i g n a l  a t  th e  peaks o f  the waveform from 
th e  r e f e r e n c e  g e n e r a to r .
The f o l l o w in g  example shows how th e  type o f  d e t e c t o r  can  
a f f e c t  the b o r e s i g h t  a x i s .  Suppose th e  s i g n a l  a p p l ie d  to th e  
d e t e c t o r  i s
V = a + b cos  co t  + c cos 2co t  -  b cos 3co t  s s s s
and l e t  th e  r e f e r e n c e  be
V_, = cos  co tR , s
where cog i s  th e  scan  an gu lar  fr eq u e n c y .
The ’peak sam pling ' d e t e c t o r  compares the r e c e iv e d  s i g n a l  a t  the  
peaks o f  th e  r e f e r e n c e ,  i . e .  a t  cog t  = 0 ,  it, 2tt . . .  . At b oth  
peaks the s i g n a l  v o l t a g e  i s
V = a + c s
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and no er r o r  v o l t a g e  i s  o b ta in e d .  However i f  the  same s i g n a l  i s  
a p p l ie d  to  a d e t e c t o r  re sp o n d in g  o n ly  to  th e  fundam ental o f  th e  
scan  freq u en cy  ( i . e .  the  harm onics are  f i r s t  f i l t e r e d  ou t)  then  an 
e r r o r  s i g n a l  i s  o b ta in e d .
2 . 3 . 2  The i d e a l  r e c e i v e r  model
We can d e f i n e ,  f o r  th e  s tu d y  o f  a b e r r a t io n ,  an ' i d e a l
7am plitude  s e n s in g  r e c e i v e r '  . T his  c o n s i s t s  o f  a s i n g l e  beam 
a e r i a l  ( i . e .  the beam i s  n o t  s p l i t  by a r o t a t i n g  o f f s e t  f e e d ,  or 
by any o th e r  means) w hich  i s  turned  by a serv o  sy s tem  to  make the  
o u tp u t  a t  th e  a e r i a l  t e r m in a ls  a maximum. A lthough  i t  i s  n o t  
used  in  p r a c t i c e  t h i s  sy s tem  i s  u s e f u l  in  th e  a n a ly s i s  o f  ab erra ­
t i o n  caused  by d i s t o r t i o n  o f  th e  w a v e fro n t  i n c i d e n t  on an a e r i a l  
a p e r t u r e .  Many o f  th e  c o n c lu s io n s  drawn from a s tu d y  o f  the  
i d e a l  r e c e i v e r  can be a p p l ie d  to  p r a c t i c a l  sy s te m s ,  a t  l e a s t  to  a 
f i r s t  o rd er ,  and th e  u s e  o f  th e  i d e a l  r e c e i v e r  model g r e a t l y  
redu ces  th e  number o f  c a l c u l a t i o n s  r e q u ir e d  in  c a l c u l a t i n g  
a b e r r a t io n .
An o u t l i n e  o f  the a n a l y s i s ,  c a r r ie d  out in  c a r t e s i a n  axes
in  the a e r i a l  a p er tu r e  p la n e ,  i s  as f o l l o w s :
The power p o la r  diagram G (0 )  as a fu n c t io n  o f  0 , th e
P
a n g le  in  th e  p la n e  c o n t a in in g  th e  x  a x i s  and th e  d i r e c t i o n  o f  
p ro p a g a t io n ,  i s  g iv e n  by
f  - '| f ( x , y ) ( E  + ax s i n  0) e x p i j t k ^ x  s i n  0 -  A] }dxdy (2 -3 )  
A
where f  i s  th e  am plitude  w e ig h t in g  fu n c t io n  c h a r a c t e r i s t i c  o f  th e
a e r i a l  and f e e d ,  E e x p [ j ( - A ) ]  i s  th e  f i e l d  in  th e  a p er tu r e  p la n e
9Ea t  0 = 0 ,  and a = i s  th e  am p litud e  g r a d ie n t  in  th e  d i r e c t i o n  
o f  p r o p a g a t io n .  ( f ,  a ,  E and A are a l l  f u n c t io n s  o f  p o s i t i o n  
( x ,y )  in  th e  a p er tu r e  p l a n e . )
G (0 ) = P
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The maximum v a lu e  o f  r e c e iv e d  s i g n a l  i s  o b ta in e d  when 
Gp(0) « 0 .  The r e q u ir e d  v a lu e  o f  0 i s  assumed to  be n ear  z e r o ,  
so  a MacLaurin exp an s ion  i s  used:
.2
G T ( 0 )  = GT (0) + 0G " (0) + ~  g im(0) + . . .  . (2 -4 )
P P P  2 . p
L et G](0) = 0 when 0 = 0^, h en ce  to  a f i r s t  ord er
P
g ; < ° >  
p
8i - ~ g %  ' ( 2 ' 5 )
Now, d e f i n i n g
I ( c x m) = . / fExm cos A dxdy
I ( s x m) « fExm s i n  A dxdy
T  /  I n O' m  A J  JI ( c a x  ) = J f  x  cos A dxdy
t  /  m \  ( Jr a m * A J JI  ( s a x  ) = j f  —  x s m  A dxdy
th e  s o l u t i o n  becomes
. _ [ l ( c ) I ( s x )  -  I ( s ) I ( c x ) ]  + [ I  ( c ) I  (cax) -  l ( s ) l ( s a x ) ]  /n- lc e _ _    . (2-6)
[ l  (cx) + I (sx )  -  I ( c ) I ( c x  ) -  I ( s ) I ( s x  )] + 
2 [ l ( c ) I ( s a x )  -  I ( s ) I ( c a x )  +
I ( s x ) I ( c a x )  -  I ( c x ) I ( s a x ) ]
For the s p e c i a l  c a s e  o f  zero  am p litud e  g r a d ie n t
_ v a =  I ( c ) I ( s x )  -  I ( s ) I  (cx)____________  . .0 1 ~ 2 2 2 2 I (c x )  + I ( s x )  -  I ( c ) l ( c x  ) -  I ( s ) I ( s x  )
The s im p le  r e s u l t  e x p r e s s e d  in  eq u a t io n  (2 -7 )  s e r v e s  as th e  b a s i s  
fo r  comparison betw een  th e  i d e a l  r e c e i v e r  and p r a c t i c a l  s y s te m s .
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2 . 3 . 3  N u ta t in g  scan  r e c e i v e r  
We make th e  assu m ptions  th a t :
(1) The w e ig h t in g  fu n c t io n  o f  th e  fe e d  i s  ind ep en d en t o f  the  
a n g le  o f  r o t a t i o n  <j> (d e f in e d  w i th  th e  x a x is  as datum ).
(2) The am plitude  g r a d ie n t  i s  n e g l i g i b l e .
(3) The r e c e i v e r  has an o v e r a l l  square law c h a r a c t e r i s t i c .  
Then th e  r e c e i v e r  o u tp u t  i s  g iv e n  by:
G (0) = 
P
j ' f E exp{j[  k ^ x ( s in  0 + s i n  6 cos <f>) + k ^ y ^ i n  0 s i n  <j>) -  A]}dxdy
.... (2-8)
20 i s  th e  s p l i t  .a n g le ,  i . e .  th e  v e r t e x  angle, o f  th e  cone g en er a ted  by
th e  beam a x i s ,  and ij> = to t .  I f  th e  er ro r  s e n s in g  d e t e c t o r  i s  o f  thes
peak sam pling  type th e  a b e r r a t io n  a n g le  i s  g iv en  by th e  value, o f  0 
in  (2 -8 )  which s a t i s f i e s
G (0) | = G ( 0 ) |  , . (2 -9 )p 1 <j>=0 p 1 (J>=1T
I f  th e  d e t e c t o r  responds o n ly  to  th e  fundamental fr e q u e n c y ,  w ,s
then  th e  a b e r r a t io n  i s  g iv e n  by th e  v a lu e  o f  0 w hich  makes th e
c o e f f i c i e n t  o f  cos <j) in  eq u a t io n  (2 -8 )  z e r o .
I f  0 i s  s u f f i c i e n t l y  sm a ll  th a t  terms c o n ta in in g  powers o f
3 or  s i n  3 g r e a t e r  than th e  second  may be n e g l e c t e d ,  and i f  the
2a b e r r a t io n  i s  sm a ll  enough fo r  terms o f  order 0^ and above to  be
n e g l i g i b l e ,  b oth  approaches g iv e  th e  same s o l u t i o n ,  namely t h a t
g iv e n  in  e q u a t io n  (2 - 7 )  f o r  th e  i d e a l  r e c e i v e r .  A p r a c t i c a l  a e r i a l
i s  u n l i k e l y  to  be l e s s  than f i v e  w a v e le n g th s  in  d ia m e te r ,  so the
s p l i t  a n g le ,  23, w hich  i s  u s u a l l y  eq u a l  to  the beamwidth ( i . e .
about 1 /5  ra d ia n )  i s  sm a ll  enough to  j u s t i f y  the a p p ro x im a tio n s .
S im i la r ly  0^ i s  u n l i k e l y  to  ex ceed  one or two d eg rees  in  
2 3p r a c t i c e  so  0^, 0^ . . . .  are  n e g l i g i b l e .
2 . 3 . 4  R o ta t in g  sca n  r e c e i v e r
The a n a ly s i s  o f  th e  r o t a t i n g  scan  r e c e i v e r  shows t h a t ,  making the  
same approx im ations as in  th e  p r e v io u s  paragraph , and u s in g  a peak  
sam pling  d e t e c t o r ,  th e  a b e r r a t io n  a g a in  red u ces  to  th e  f i r s t  order  
s o l u t i o n  (e q u a t io n  ( 2 - 7 ) ) .  T h is  i s  to  be e x p ec ted  s i n c e  t h i s  d e t e c t o r  
e f f e c t i v e l y  co n v er ts  th e  r e c e i v e r  to  a n u t a t in g  scan  sy s tem  from the  
p o in t  o f  v iew  o f  p o l a r i s a t i o n  c h a r a c t e r i s t i c s .  When a fundam ental  
d e t e c t o r  i s  used  i t  i s  found th a t  th e  a b e r r a t io n  co rresp o n d s  to  the  
i d e a l  r e c e i v e r  r e s u l t  o n ly  i f  th e  f i e l d  i n c i d e n t  on th e  a p e r tu r e  i s  
c i r c u l a r l y  p o l a r i s e d .
2 . 3 . 5  The u se  o f  th e  i d e a l  r e c e i v e r  model in  a b e r r a t io n
c a l c u l a t i o n s '
In  th e  e x p e r im e n ta l  measurements o f  a b e r r a t io n  made in  t h i s  
r e s e a r c h  programme b o th  r o t a t i n g  scan  and n u t a t in g  scan  a e r i a l s  have  
been  u sed ,  and a peak sam pling  d e t e c t o r  has been employed w i th  b o th .
E xper im en ta l  e v id e n c e  to  su p p o rt  th e  v iew  th a t  th e  i d e a l
• • 8r e c e i v e r  i s  a s a t i s f a c t o r y  model f o r  p r a c t i c a l  system s was o b ta in e d  .
An empty radome was i l lu m in a t e d  by a p la n e  wave from a remote t r a n s ­
m i t t e r  ( F i g . 2 . 4a) and th e  am p litu d e  and phase o f  the f i e l d  a t  th e  
p la n e  norm ally  o cc u p ied  by th e  a e r i a l  w ere measured u s in g  the f i e l d  
m easuring  equipment d e s c r ib e d  in  th e  append ix .  This was done f o r  
s e v e r a l  v a lu e s  o f  0 and th e  a b e r r a t io n  as a fu n c t io n  o f  0 was
Li Xj
c a l c u l a t e d  u s in g  i d e a l  r e c e i v e r  th e o r y ,  assum ing a 10 in c h  d iam eter  
2a e r i a l  w i th  1 -  r  a p er tu r e  i l l u m i n a t i o n  law. A computer pro­
gramme in  E l l i o t t  803 A utocode was used  to  ca rry  o u t  th e  c a l c u l a t i o n s ,  
based  on e q u a t io n  ( 2 - 7 ) .  The a b e r r a t io n  o f  th e  radome, a t  th e  same 
freq u en cy  and w i th  th e  same p o l a r i s a t i o n ,  was then  measured on the  
a b e r r a t io n  t e s t  s i t e  u s in g  a 10 inch, d iam eter  r o t a t i n g  sca n  a e r i a l .
(The a b e r r a t io n  m easuring  equipment i s  d e s c r ib e d  in  th e  a p p e n d ix .)
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The two a b e r r a t io n  curves  w ere found to  be in  good agreem ent ( F i g . 2 . 4 b ) ,  
When th e  above p rocedure  was r e p e a te d  u s in g  a 6 in c h  d iam eter  a e r i a l  in  
th e  same radome r e a so n a b ly  good agreement was aga in  found between the  
measured a b e r r a t io n  cu rve  and th e  curve c a l c u l a t e d  from measured f i e l d s  
u s in g  i d e a l  r e c e i v e r  th e o r y .
These r e s u l t s  sp o b ta in e d  were th o se  from a 4 f o o t  lo n g  f i b r e  
g l a s s  c o n i c a l  radome, o f  cone a n g le  19 d e g r e e s ,  and h a l f  wave w a l l  
th ic k n e s s  a t  th e  freq u en cy  o f  measurement (9375 MHz). Thus the i d e a l  
r e c e i v e r  model can be used  i n  th e  p r e s e n t  work on sm a ll  ceram ic  
radomes f o r  th e  c a l c u l a t i o n  o f  a b e r r a t io n  from th e  f i e l d s  in  the  
a p e r tu r e .  '
2 . 4  Other ca u ses  o f  a b e r r a t io n
2 . 4 . 1  L im i t a t io n s  o f  th e  i n s e r t i o n  d i f f r a c t i o n  t h e o r y .
The i n s e r t i o n  d i f f r a c t i o n  th eo r y  g iv e s  f a i r l y  s a t i s f a c t o r y  
r e s u l t s  when a p p l ie d  to  l a r g e  radomes ( i . e .  th o s e  h a v in g  b ase  
d iam eters  o f  ten  w a v e le n g th s  or  m ore) .  The th eory  i s  g e n e r a l ly  l e s s  
s u c c e s s f u l  in  p r e d i c t i n g  th e  a b e r r a t io n  o f  sm a ll  radomes ( i . e .  th o s e  
o f  b a se  d iam eter  o f  about f i v e  w a v e le n g th s )  p a r t i c u l a r l y  i f  th e  w a l l  
t h ic k n e s s  d i f f e r s  from th e  h a l f  wave v a lu e .  For example in  
F i g s . 2 . 5a and 2 .5 b  th e  a b e r r a t io n  c a l c u l a t e d  by i n s e r t i o n  d i f f r a c t i o n  
th eo r y  i s  compared w ith  measured a b e r r a t io n  f o r  two X band ta n g en t  
o g iv e  radomes o f  d i f f e r e n t  s i z e s .  The la r g e r  radome had an i n t e r n a l  
b a se  d iam eter  o f  12 i n c h e s ,  th e  s m a l le r  one a d iam eter  o f  7 i n c h e s .
Both were made o f  a lum ina Al^O^, a ceram ic m a te r ia l  o f  d i e l e c t r i c  
c o n s ta n t  8 . 7 ,  and had a w a l l  t h ic k n e s s  o f  0 .2 2 5  in c h ,  making the  
w a l l  ’ h a l f  w ave1 a t  3 .2  cm w a v e len g th  f o r  an in c id e n c e  a n g le  o f  
70 d e g r e e s .  The f i n e n e s s  r a t i o  L/D, where L i s  th e  d i s t a n c e  
from the c e n t r e  o f  th e  a p er tu r e  to  th e  radome t i p  and D the b ase  
d ia m eter ,  was 1 .7 1  in  b oth  c a s e s .  A 6 in ch  d iam eter  a e r i a l  was used
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fo r  th e  s m a l le r  radome and a 10 in c h  a e r i a l  fo r  the l a r g e r  o n e ,  so
/
th a t  th e  r a t i o  o f  a e r i a l  d ia m eter  to  radome d iam eter  was v ery  n e a r ly  
th e  same f o r  b o th .  The peak to  peak v a lu e  o f  a b e r r a t io n  (a s  a 
fu n c t io n  o f  a n g le  o f  lo o k  in  th e  range -2 0  to  +20 d e g r e e s )  i s  shown
as a fu n c t io n  o f  w a v e le n g th .  I f  th e  s l o p e  a t  0 d eg rees  a n g le  o f  lo o k
i s  p o s i t i v e  the peak to  peak a b e r r a t io n  i s  shown p o s i t i v e ,  and i t  i s  
shown n e g a t iv e  fo r  n e g a t i v e  c e n t r a l  s l o p e .  I t  can be se e n  from th e  
f i g u r e  th a t  th e  agreem ent betw een  th eo r y  and exp er im en t i s  a p p r e c ia b ly  
b e t t e r  f o r  the l a r g e r  radome, p a r t i c u l a r l y  when th e  w a v e le n g th  i s  n ear  
th e  h a l f  wave v a lu e .
There are  two s t e p s  in  th e  c a l c u l a t i o n  o f  a b e r r a t io n  by i n s e r ­
t i o n  d i f f r a c t i o n  th eo ry :
(1) C a lc u la t io n  o f  th e  a p e r tu r e  f i e l d .
(2) C a lc u la t io n  o f  a b e r r a t io n  from th e  a p er tu r e  f i e l d .
For s t e p  ( 2 ) ,  u s in g  i d e a l  r e c e i v e r  t h e o r y ,  r e a so n a b ly  good r e s u l t s  
are o b ta in e d .  I t  folloxtfs th a t  th e  main cau se  o f  the inadequacy o f  
th e  i n s e r t i o n  d i f f r a c t i o n  th e o r y ,  when a p p l ie d  to  s m a l l  radomes o f  
n e a r ly  h a l f  wave w a l l  t h i c k n e s s ,  must be due to f a i l u r e  to  p r e d i c t  
th e  a p er tu r e  f i e l d  a f t e r  t r a n s m is s io n  o f  a p la n e  wave through the
radome. There are  a number o f  p o s s i b l e  ca u ses  fo r  t h i s :
(a) The use  o f  p la n e  s h e e t  t r a n s m is s io n  th eory  when in  f a c t
th e  radome w a l l  i s  curved.
(b) S c a t t e r i n g  a t  the t i p  o f  th e  radome, s e t t i n g  up gu ided  
waves on th e  radome.
(c )  I n t e r a c t i o n  ( m u l t ip l e  r e f l e c t i o n s )  between th e  a e r i a l  
and th e  radome.
I f  th e  w a l l  t h i c k n e s s  d i f f e r s  a p p r e c ia b ly  from the h a l f  wave 
v a lu e  the s c a l a r  d i f f r a c t i o n  th eo ry  used  in  s t e p  (2) becomes l e s s  
a c c u r a te  due to  the la r g e  v a r i a t i o n s  in  phase d e la y  w i th  a n g le  o f
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in c id e n c e .  However we a re  p r im a r i ly  i n t e r e s t e d  in  radomes w i th  w a l l
/
t h ic k n e s s  n ea r  th e  h a l f  wave v a lu e  and we w i l l  t h e r e f o r e  d evote  
a t t e n t i o n  to  th e  s tu d y  o f  (a) to  (d) above,
2 . 4 . 2  The e f f e c t  o f  w a l l  cu rv a tu r e
I t  i s  known from g e o m e tr ic a l  o p t i c s  th a t  th e  t r a n s m is s io n  o f  a 
ray through a curved d i e l e c t r i c  p a n e l  ( i . e .  p a r t  o f  a c y l i n d r i c a l  
s h e l l )  d i f f e r s  from th a t  through a p la n e  p a n e l vo f  the same t h i c k n e s s ,  
e x c e p t  a t  normal i n c i d e n c e .  F i g . 2 .6  shows how the a n g le  o f  in c id e n c e  
on th e  second  i n t e r f a c e  d i f f e r s  from th e  p la n e  p a n e l  c a s e .  The ray  
p ath s  in  th e  d i e l e c t r i c  r e g io n  are  lo n g e r  f o r  th e  curved p a n e l  and 
th e  t r a n s m it te d  ra y s  a re  no lo n g e r  p a r a l l e l .  Ray tr a p p in g  can occur  
(even  i f  i^  < 90 d e g r e e s )  i f  th e  p a n e l  i s  curved ( F i g . 2 . 7 ) .  In  b o th  
F i g s . 2 .6  and 2 .7  th e  p la n e  o f  in c i d e n c e  i s  p e r p e n d ic u la r  to  the  
c y l i n d e r  a x i s .
I t  seems r e a s o n a b le  to  e x p e c t  t h a t  some in a c c u r a c y  may be 
caused  by assuming t h a t  th e  curved radome w a l l  i s  l o c a l l y  p la n e .
9
An a ttem p t was made to  ap p ly  th e  r e s u l t s  o f  Barrar who d e r iv e d  th e  
f o l l o w i n g  e x p r e s s io n  f o r  th e  t r a n s m is s io n  c o e f f i c i e n t  Tc o f  a 
c y l i n d r i c a l  d i e l e c t r i c  p a n e l  in  terms o f  the t r a n s m is s io n  c o e f f i c i e n t
where K i s  the d i e l e c t r i c  c o n s t a n t ,  d th e  p a n e l  t h i c k n e s s ,  a 
th e  in n er  ra d iu s  o f  cu rv a tu re  and i  th e  a n g le  o f  in c i d e n c e .  The • 
e x p r e s s io n  was d e r iv e d  f o r  p e r p e n d ic u la r  p o l a r i s a t i o n  but Barrar  
c la im ed  r e s u l t s  in  agreem ent w i th  exp er im en t fo r  b o th  p e r p e n d ic u la r  
and p a r a l l e l  p o l a r i s a t i o n .
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S in ce  B a r r a r 's  th eo ry  was d e r iv e d  fo r  s i n g l y  curved s h e e t s  and
f
radomes are doubly cu rv ed ,  i t  was n e c e s s a r y  to  d e c id e  th e  v a lu e  o f  
cu rv a tu re  to  be u sed .  From th e  th e o r y  o f  g e o m e tr ic a l  o p t i c s  i t  i s  
known th a t  when a ray i s  i n c i d e n t  on a smooth s u r f a c e  the r e f l e c t e d  
and r e f r a c t e d  rays  l i e  in  th e  p la n e  o f  i n c i d e n c e ,  i . e .  th e  p la n e  con­
t a i n i n g  th e  i n c i d e n t  ray and the. normal to  th e  s u r f a c e  a t  the p o in t  
o f  in c i d e n c e .  T h ere fo re  in  a p p ly in g  B a r r a r 's  th eo ry  i t  was d ec id ed  
to  u se  th e  v a lu e  o f  cu rv a tu r e  in  t h i s  p la n e  a t  th e  p o in t  o f  in c id e n c e  
o f  the ra y .
When th e  c o r r e c t i o n  form ula  was a p p l ie d  in  th e  c a l c u l a t i o n  o f  
a b e r r a t io n ,  u s in g  the i n s e r t i o n  d i f f r a c t i o n  th e o r y ,  f o r  c o n ic a l  
radomes o f  h e ig h t  12 i n c h e s ,  b a se  d ia m eter  7 in c h e s  and d i e l e c t r i c  
c o n s ta n t  8 . 7 ,  i t  was found t h a t  the m o d i f i c a t io n  produced in  the  
t r a n s m is s io n  c o e f f i c i e n t s  was n e g l i g i b l e .  For ta n g e n t  o g iv e s  o f  
s i m i l a r  s i z e  th e  changes in  a b e r r a t io n  p r e d ic t e d  u s in g  i n s e r t i o n  
d i f f r a c t i o n  th eo ry  were about 10%. (T his  i s  n e g l i g i b l e  compared 
w ith  o th e r  so u r c e s  o f  e r r o r . )  For a Newtonian radome, how ever, ( th e  
g e n e r a t in g  curve o f  which f o l l o w s  a th r e e  fo u r th s  power law) th e  much 
g r e a te r  cu rv a tu res  caused  th e  c o r r e c t i o n  form ula to  break  down, t h a t  
i s ,  p h y s i c a l l y  u n r e a l i s t i c  r e s u l t s  w er e  o b ta in e d .
I t  was con clu ded  t h a t  where B a r r a r 's  th eo ry  i s  a p p l i c a b l e ,  i . e .  
to  radomes w i t h  moderate w a l l  c u r v a tu r e ,  i t  does n o t  cause  s i g n i f i ­
ca n t  changes in  th e  a b e r r a t io n  p r e d ic t e d  by i n s e r t i o n  d i f f r a c t i o n  
th eo r y .  For radomes w i th  g r e a t e r  w a l l  cu rvature  th e  th eory  i s  
in a d e q u a te .  As i t  i s  l i k e l y  t h a t  th e  e r ro r  caused  by w a l l  cu rv a tu re  
may be la r g e  fo r  th e  l a t t e r  ca se  f u r t h e r  work u s in g  a d i f f e r e n t  
approach i s  d e s i r a b l e  i f  such  radomes are to  be u sed .  However f o r  
th e  radomes o f  most p r a c t i c a l  i n t e r e s t ,  the ta n g en t  o g iv e  and 
optimum s e c a n t  o g iv e  the e f f e c t  was n o t  c o n s id e r e d  o f  s u f f i c i e n t  
im portance to  j u s t i f y  f u r t h e r  i n v e s t i g a t i o n .
iI
25
2 . 4 . 3  S c a t t e r i n g  a t  th e  radome t i p  
I The t i p  r e g io n  o f  th e  radome has d im ensions comparable w i th  a 
w a v e le n g th ,  b eca u se  the w a l l  t h ic k n e s s  i s  X / ( 2  / k ) a p p r o x im a te ly ,  
( f o r  la r g e  K) and t h e r e f o r e  th e  ray t r a c in g  method used  in  the  
i n s e r t i o n  d i f f r a c t i o n  th eo ry  i s  u n r e l i a b l e  in  t h i s  r e g io n .
The s o l u t i o n s  o f  c l a s s i c a l  e l e c t r o m a g n e t ic  s c a t t e r i n g  problems  
can f r e q u e n t ly  be g iv e n  a ray o p t i c a l  in t e r p r e t a t io n ,  i f  an ’a sy m p to t ic  
e x p a n s io n '  i s  u sed ,  i . e .  th e  r a t i o  o f  w a v e len g th  to  s c a t t e r e r
d im ensions  i s  a l lo w ed  to  approach zero  in  the s o l u t i o n .  For problems
in  which the d im ensions o f  th e  s c a t t e r e r  are  comparable w i th  or  l e s s  
than a w a v e len g th  K e l l e r 1-0 showed t h a t  ray o p t i c a l  methods may s t i l l  
be a p p l ie d  i f  a c l a s s  o f  rays  known as d i f f r a c t e d  rays  i s  in tr o d u c e d .  
T hese rays  are launched  when an i n c i d e n t  ray s t r i k e s  an ed g e ,  a 
v e r t e x ,  a t  g r a z in g  in c id e n c e  on a curved  s u r f a c e  and in  s e v e r a l  
o th e r  s i t u a t i o n s .  The f i e l d s  a s s o c i a t e d  w ith  the d i f f r a c t e d  rays  
augment th e  f i e l d s  d e s c r ib e d  by th e  c o n v e n t io n a l  i n c i d e n t ,  r e f l e c t e d  
and r e f r a c t e d  r a y s ,  and ' d i f f r a c t i o n  c o e f f i c i e n t s '  a re  in tro d u c ed  in  
a n a lo g y  w i th  r e f l e c t i o n  and t r a n s m is s io n  c o e f f i c i e n t s .  The advantage  
o f  u s in g  ray o p t i c s  i s  th a t  i t  i s  p o s s i b l e  to  d eterm in e  th e  s c a t t e r i n g  
p r o p e r t i e s  o f  b o d ie s  o f  com plex sh a p e ,  fo r  which a s o l u t i o n  would n o t
be o b ta in a b le  by e x a c t  e l e c t r o m a g n e t i c  a n a l y s i s ,  by s y n t h e s i s  o f  the
r e s u l t s  o f  s im p le r  ( c a n o n ic a l )  p ro b lem s.  U n fo r tu n a te ly  most o f  the  
p u b l i s h e d  work on th e  a p p l i c a t i o n  o f  ray o p t i c s  to  s c a t t e r i n g  has 
b een  concerned  w ith  s c a t t e r i n g  by p e r f e c t l y  co n d u c tin g  b o d i e s ,  and no 
p u b l is h e d  t h e o r e t i c a l  work on th e  most u s e f u l  c a n o n ic a l  problem, v i z .  
s c a t t e r i n g  o f  a p la n e  x a^y by a d i e l e c t r i c  con e ,  has been found.
The s im p le  ray  fo r m u la t io n  o f  th e  g e o m e tr ic a l  th eo ry  o f  d i f f r a c ­
t i o n  f a i l s  in  th e  t r a n s i t i o n  r e g io n s  su rrou n d in g  th e  domain o f
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e x i s t e n c e  o f  a p a r t i c u l a r  ray s p e c i e s ,  fo r  example a t  th e  boundary
/
betw een th e  shadow r e g io n  and th e  i l lu m in a te d  r e g io n  when a p la n e  wave 
i s  d i f f r a c t e d  by a h a l f  p la n e ,  and a t  f o c i  and c a u s t i c s .  The more
e la b o r a t e  p rocedu res  r e q u ir e d  f o r  t h e s e  r e g io n s  a re  d i s c u s s e d  by
11 . . . . .F e ls e n  . The ray. th eory  a l s o  r e q u ir e s  m o d i f i c a t io n  i f  th e  s c a t t e r e r
has n on-un iform  s u r fa c e  impedance. I f  the s u r f a c e  impedance v a r i e s
o n ly  s l i g h t l y  o v er  a d i s t a n c e  o f  a w a v e len g th  th en  th e  l o c a l
c h a r a c te r  o f  th e  s c a t t e r i n g  p r o c e s s  i s  n o t  g r e a t l y  d is t u r b e d .  S in c e  
th e  s u r fa c e  impedance o f  a radome v a r i e s  r a p id ly  in  th e  r e g io n  o f  th e  
t i p ,  i t  f o l l o w s  th a t  th e  r e s u l t s  o f  a p p ly in g  ray o p t i c s  in  t h i s  
r e g io n  sh ou ld  be t r e a t e d  w i th  c a u t io n  u n t i l  an e x a c t  s o l u t i o n  f o r  t h i s  
ty p e  o f  problem has been  o b ta in e d .  However, one may draw q u a l i t a t i v e  
c o n c lu s io n s  as to  th e  b eh a v io u r  a t  th e  t i p .
A pply ing  ray o p t i c s  to  s c a t t e r i n g  by th e  radome t i p ,  and 
i n c lu d in g  d i f f r a c t e d  rays  from th e  i n t e r i o r  and e x t e r i o r  v e r t i c e s ,  
s u g g e s t s  th a t  th e  f o l l o w i n g  e f f e c t s  o ccu r  ( F i g . 2 . 8 ) :
(a) Trapping o f  rays
Rays are  trapped  and gu ided  by th e  radome as s u r f a c e  w a v e s .
(b) D i f f r a c t e d  rays
Rays are  d i f f r a c t e d  by th e  v e r t i c e s .  Some o f  th o s e  from the  
i n t e r i o r  v e r t e x  e n te r  th e  a p e r tu r e  o f  the a e r i a l .  The magnitude o f  
t h i s  e f f e c t  cannot y e t  be d eterm ined  b eca u se  a - s o l u t i o n  to  the  
c a n o n ic a l  problem  o f  d i f f r a c t i o n  by a d i e l e c t r i c  cone has n o t  been  
found .
(c )  D e v ia ted  rays
Rays i n c i d e n t  j u s t  beyond th e  t i p  undergo r e f r a c t i v e  s h i f t  or  
d e v i a t i o n  ( d ) . The p la n e  wave p la n e  s h e e t  tr a n s m is s io n  c o e f f i c i e n t  
may n o t  be a p p l i c a b le  to  t h e s e  rays  b eca u se  o f  th e  d i s c o n t i n u i t y .
TRAPPED RAY
THIS DIFFRACTED RAY LAUNCHES 
FURTHER DIFFRACTED RAYS FROM 
THE INTERIOR VERTEX.
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I t  was th ou ght a t  f i r s t  t h a t  ray tr a p p in g  by th e  t i p  cou ld  be an
/
im p ortan t f e a t u r e  o f  t i p  s c a t t e r i n g ,  w ith  energy  trapped  a t  the t i p  
b e in g  gu id ed  up th e  radome as s u r f a c e  waves and p e r t u r b in g  th e  f i e l d s  
in  th e  a e r i a l  a p e r t u r e ,  thus c a u s in g  a b e r r a t io n .  In  o th e r  w o r d s , I t  was 
th ou ght th a t  th e  radome co u ld  a c t  r a t h e r  l i k e  a d i e l e c t r i c  tube a e r i a l .  
I t  seemed l i k e l y  th a t  a n o t  i n s i g n i f i c a n t  f r a c t i o n  o f  th e  i n c i d e n t  
energy  m ight be trapped  by th e  t i p .  For example a c a l c u l a t i o n  o f  th e  
e f f e c t i v e  c r o s s - s e c t i o n  o f  a t y p i c a l  p o ly r o d  a e r i a l  o f  l e n g th  4Aq , 
maximum d iam eter  0 . 4 Aq , minimum d ia m eter  0 . 3 Aq and d i e l e c t r i c  c o n s ta n t
2 .5  was made. I t  was found t h a t  th e  e f f e c t i v e  c r o s s - s e c t i o n  was about  
fou r  t im es  th e  g e o m e tr ic a l  c r o s s - s e c t i o n .  This r e s u l t  s u g g e s t s  t h a t  a 
radome t i p  h a v in g  h ig h  g a in  co u ld  i n f l u e n c e  th e  r a d i a t i o n  p a t t e r n  
a p p r e c ia b ly .
E v idence  w i l l  be p r e s e n t e d  in  Chapter 3 to  show t h a t  s u r fa c e  waves  
p ro p a g a te  on th e  body o f  th e  radome (above th e  t i p )  w i th  v er y  l i t t l e  
l o s s  due to  r a d i a t i o n .  I t  f o l l o w s  t h a t  when a p la n e  wave i s  i n c i d e n t  on 
a radome th e  s u r fa c e  waves laun ch ed  a t  th e  t i p  are  gu ided up th e  radome 
w ith o u t  much l o s s .  However i t  w i l l  be shown t h a t ,  f o r  th e  radomes o f  
p r e s e n t  i n t e r e s t ,  th e  s u r f a c e  waves ca u se  v er y  l i t t l e  a b e r r a t io n .
The ' v e r t e x  d i f f r a c t e d  r a y s '  o f  F i g . 2 .8  i n d i c a t e  th a t  an e f f e c t i v e  
so u rce  i s  c r e a te d  a t  th e  t i p  when a p la n e  wave i s  s c a t t e r e d  by th e  
radome. I t  i s  w e l l  known t h a t  a so u r c e  n ear  a g u id in g  s t r u c t u r e ,  such  
as a grounded d i e l e c t r i c  s l a b ,  g iv e s  r i s e  to  a t o t a l  f i e l d  w hich  con­
t a i n s  th r e e  components: s u r f a c e  w a v es ,  le a k y  waves and a r a d i a t i o n
f i e l d .  The energy  r e a c h in g  th e  a e r i a l  in  the le a k y  wave and r a d i a t i o n  
f i e l d  components i s  shown l a t e r  to  be a major cau se  o f  a b e r r a t io n  in  
sm a l l  radom es.
I
L aite '" '  who d e r iv e d  an e x p r e s s io n  f o r  th e  a b e r r a t io n  caused  by a 
p e r t u r b in g  p la n e  wave in  an i d e a l  a m p litu d e  s e n s in g  d i r e c t i o n  f i n d i n g
The e f fe c t  o f p e rtu rb in g  wave was examined by Lewis, and
f 1 *?
sy s tem . In  F i g . 2 .9  the sy s tem  i s  lo ck ed  on to  a prim ary wave o f
u n i t  am p litud e  w i th  a p e r tu r b in g  wave o f  am p litud e  A and r e l a t i v e  p hase
d> (measured a t  th e  c e n t r e  o f  th e  a e r i a l  a p er tu r e )  p ro p a g a t in g  a t  an 
P
a n g le   ^ from the main wave as shown. L et  F (0 )  be th e  am plitude  
p o la r  diagram o f  th e  a e r i a l ,  where F (0 )  i s  assumed r e a l ,  i . e .  th e  
phase o f  th e  r e c e iv e d  s i g n a l  does n o t  v ary  w i th  0.
The r e c e iv e d  s i g n a l  i s  g iv e n  by
(2-11)
The a e r i a l  turns' to  make th e  s i g n a l  a maximum, i . e
Axis
i M  =
90
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(2-12)
I , .
This y ie ld s  the c o n d itio n
RP ( v  | | i  I = 0 (2 -1 3 )
p ro v id ed  | V j ^ 0 .
By d i f f e r e n t i a t i n g  (2 -1 5 )  we o b ta in
= F ' ( 0) + Ae F ' (0 + ip) . (2 -1 4 )
do
Expanding F(0) in  a MacLaurin s e r i e s ,  assum ing 0 i s  sm a l l :
F (0) = F (0) + 0F ' (0) *= 1
F ' (0) = F ' ( 0 )  + 0F"(O) .= 0F"(O) .
Now u s in g  T ay lor  ex p a n s io n s :
F (0 + i|0 = F(iQ + 0F1 (iji)
F' (0 + iji) -  F' (\p) + F" (\p) .
S u b s t i t u t i n g  th e s e  r e l a t i o n s  i n  eq u a t io n s  (2 -1 1 )  and ( 2 - 1 4 ) ,
. 2 3we apply  c o n d i t io n  ( 2 - 1 3 ) ,  n e g l e c t i n g  terms in  0 , 0  e t c .  S in ce
th e  r e s u l t a n t  v a lu e  o f  0 turns o u t  to  be p r o p o r t io n a l  to  A, and 
2terms m  0 have been ig n o r e d ,  to  be  c o n s i s t e n t  terms in  A0 and 
2A must a l s o  be n e g l e c t e d .  The f i n a l  r e s u l t  i s
0 “ C0S p^ • (2~15)
The 'p e r tu r b in g  p la n e  wave th e o r y '  i s  a s p e c i a l  c a s e  o f  a 
'm u l t i p l e  t a r g e t '  problem . In  g e n e r a l  i f  a radar i s  t r a c k in g  (sa y )
two p o in t  t a r g e t s ,  such as tx o^ d i s t a n t  a i r c r a f t ,  th e  s i m p l i f y in g
assum ptions  made in  the above th e o r y ,  i . e .  th a t  th e  p e r tu r b in g  s i g n a l  
i s  v ery  s m a l l  and o f  f i x e d  r e l a t i v e  p h a s e ,  w i l l  n o t  a p p ly .  Thus th e  
th eo ry  i s  n o t  v ery  u s e f u l  in  p r a c t i c a l  m u l t ip l e  t a r g e t  prob lem s. I t
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does however s e r v e  to  shoxv th e  e f f e c t  o f  a p e r tu r b in g  s i g n a l  in  c a u s in g  
a b e r r a t io n  and w i l l  be u sed  e x t e n s i v e l y  in  l a t e r  c h a p te r s .
Two i n t e r e s t i n g  p o in t s  emerge from eq u a t io n  ( 2 - 1 5 ) :  (a) The
a b e r r a t io n  i s  zero i f  th e  p e r tu r b in g  wave i s  in  phase quadrature w ith  
r e s p e c t  to  th e  main s i g n a l .  (b) The a b e r r a t io n  i s  p r o p o r t io n a l  to  
th e  s lo p e  o f  th e  p o la r  diagram  F ' ( i|j) .  This shows t h a t  p e r tu r b in g  
waves are  most troub lesom e when a r r iv i n g  n ear  n u l l s  o f  th e  p o la r  
diagram, where the s lo p e  i s  g r e a t e s t .  This f o l l o w s  from the n a tu re  
o f  th e  am plitude s e n s in g  sy s tem . Suppose the sy stem  i s  lo ck ed  on to  
a t a r g e t ,  and then a p e r tu r b in g  wave i s  r e c e iv e d  near a n u l l .  In  
ord er  to  make 3 [ v ] /3 6 =  0 th e  a e r i a l  must turn through a f a i r l y  
l a r g e  a n g le  to  make th e  change in  s i g n a l  due to  th e  main wave 
com pensate fo r  th e  change cau sed  by th e  p e r tu r b in g  wave b eca u se  
F ’ (0) i s  sm a ll  near 0 = 0  and la r g e  n ear  the n u l l .
2 . 4 . 5  A er ia l-ra d o m e i n t e r a c t i o n
\‘
I t  i s  w e l l  known th a t  i f  a p la n e  wave i s  i n c i d e n t  upon a ‘r e c e i v i n g  
a e r i a l  a l a r g e  p r o p o r t io n  o f  the i n c i d e n t  energy  i s  s c a t t e r e d  by th e  
a e r i a l ,  even  i f  the  l a t t e r  i s  m atched. I f  th e  a e r i a l  i s  i n s i d e  a 
radome some o f  th e  s c a t t e r e d  en ergy  i s  r e f l e c t e d  by the radome back i n t o  
th e  a p er tu r e  p e r tu r b in g  th e  f i e l d s  and ca u s in g  a b e r r a t io n .  M u l t ip le  
r e f l e c t i o n s  a l s o  tak e  p la c e  i f  th e  a e r i a l  i s  t r a n s m i t t i n g .
The term i n t e r a c t i o n  i s  u sed  h ere  to d e s c r ib e  th e  m u l t i p l e  
s c a t t e r i n g  o c c u r r in g  betw een  a e r i a l  and radome. Chapter 4 c o n ta in s  a 
d e s c r i p t i o n  o f  t h e o r e t i c a l  and ex p er im en ta l  work on t h i s  s u b j e c t .
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CHAPTER 3 -  WAVES GUIDED BY RADOMES
■f
3 .1  D i e l e c t r i c  w aveguides o f  un iform  c r o s s - s e c t i o n
3 . 1 . 1  A x i a l l y  gu ided  waves
The th eo ry  o f  s u r f a c e  waves gu ided  a x i a l l y  by l o s s  f r e e ,  
homogeneous, i s o t r o p i c  d i e l e c t r i c  rods and tubes i s  w e l l  e s t a b l i s h e d .  
Waves gu ided  by tubes are  o f  p a r t i c u l a r  i n t e r e s t  b eca u se  a radome i s  
a ta p er ed  tu b e .  An u n d ers ta n d in g  o f  th e  c h a r a c t e r i s t i c s  o f  waves 
gu id ed  by uniform  tubes forms a u s e f u l  s t a r t i n g  p o in t  f o r  th e  s tu d y  
o f  waves guided by radom es.
Source f r e e  s o l u t i o n s  o f  M a x w ell ’s eq u a t io n s  f o r  b oth  rods and 
tubes e x i s t  in  th e  form o f  gu id ed  waves which  p rop agate  a x i a l l y  
w ith o u t  a t t e n u a t io n ,  th e  phase v e l o c i t y  b e in g  l e s s  than the f r e e
sp a ce  v e l o c i t y  o f  l i g h t  and g r e a t e r  than th e  TEM wave v e l o c i t y  i n  th e
13 14d i e l e c t r i c .  K ie ly  g iv e s  a summary o f  th e  method used  by Astrahan
i n  th e  l a t t e r * s  a n a l y s i s  o f  a x i a l  s u r f a c e  wave p r o p a g a t io n  on a l o s s
f r e e  d i e l e c t r i c  tube o f  c i r c u l a r  c r o s s - s e c t i o n .  S t a r t in g  w ith
M axw ell’ s eq u a t io n s  and assum ing zero  c o n d u c t i v i t y ,  no charges and
tim e dependence exp(jcot)
where p i s  th e  p e r m e a b i l i t y  and e th e  p e r m i t t i v i t y .
Taking the c u r l  o f  e i t h e r  o f  the f i r s t  two e q u a t io n s  and s u b s t i t u t i n g  
from th e  o th e r s  the wave e q u a t io n s  f o r  a homogeneous medium are  
o b ta in e d :
Curl E_ = -  jmpjl''
Curl H = jweE
> (3 -1 )
D iv  E = 0
Div H = 0
(3-2)
where V i s  the L a p la c ia n  o p e r a t o r .  I t  i s  assumed th a t  th e  f i e l d  
dependency in  t  and z i s  o f  th e  form exp j ( w t  -  y z )  where y i s  
r e a l  and p o s i t i v e .  T his r e p r e s e n t s  a wave p ro p a g a t in g  w i th o u t  
a t t e n u a t io n  in  the +z d i r e c t i o n .  The v e c t o r  wave eq u a t io n s  y i e l d  
fo r  th e  z f i e l d  components the s c a l a r  eq u a t io n s
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2
v2e 2 _ w peE
r , 2 TT 2  „V II = -  to peHz z
i . e .  in .  c y l i n d r i c a l  p o la r  c o o r d in a te s  p, <}>, z
32E
3p-2 U./8P (P2/a#2
2 I p i  3p I 21  _ 23p
?
k H
P /  dip
( 3 -3 )
where
.2 2 2 k -  w pe -  y (3 -4 )
The g e n e r a l  s o l u t i o n s  o f  e q u a t io n s  (3 -3 )  are
E = [B J (k p) + C Y (k p)] exp j (n^ > -  y x)zn n n n n n n v J T 1 n
H = [ D J  (k p) + E Y (k p)] exp j (n<j> -  y z)zn n n n n n n v J ' n
(3 -5 )
f o r  d i f f e r e n t  v a lu e s  o f  n .  The time f a c t o r  exp jw t  i s  o m it ted  f o r
b r e v i t y .  B , C , D and E are a r b i t r a r y  c o n s ta n ts  and J , Y n n n  n J n n
are  B e s s e l  fu n c t io n s  o f  th e  f i r s t  and second  k in d s ,  o rd er  n .  
P h y s i c a l l y  r e a l i s a b l e  f i e l d s  must be th e  same i f  ({) i s  in c r e a s e d  by 
2ir so  n must be  a p o s i t i v e  or n e g a t i v e  i n t e g e r  or z e r o .  I t  i s  
found t h a t  fo r  any g iv e n  n a s o l u t i o n  f o r  gu ided  waves i s  o b ta in e d  
by c o n s id e r in g  o n ly  com bin ations  o f  s o l u t i o n s  f o r  +n and -n  s i n c e
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the boundary c o n d i t io n s  can then  be s a t i s f i e d .  Each v a lu e  o f  n 
corresp on ds to a ty p e  th a t  can be gu ided  by th e  sy stem  o f  F i g . 3 . 1 .
The p and <J> f i e l d  components are now o b ta in e d  from the  
e x p r e s s io n s  f o r  E and H by u s in g  th e  Maxwell c u r l  eq u a t io n s
and p u t t in g  9 /9 z  = -  jy^  and 9 / 9 t  ~ jto. This g iv e s
"\
'(fjn k
JY \  9E n \ zn
p /  8<j»
9H
n
pn
H<j>n
2cn
9E
, JY.
zn
n 9p
+ jwp
3 m  
P
zn
9p
9Hzn
9<j)"
jtoe
8Ef
3p"
JYn' 9Hzn
9(j)
Hpn kn
. 9E jcoe ) zn
9(j>
9H
JY. znn 9p
(3 - 6 )
J
The most a p p r o p r ia te  form o f  e q u a t io n s  (3 -5 )  i s  now found fo r
each  o f  th e  th r e e  r e g io n s  ( F i g . 3 . 1 ) .  We then match them so t h a t  th e
t a n g e n t i a l  components o f  E and H are con tin uou s a t  th e  boundary
s u r f a c e s .  For r e g io n  I ,  w r i t i n g  E - f o r  Ez l  zn l
E . *= a J (k p)Fz l  n l  n n l  n
H _ = b J  (k , p)Fz l  n l  n n l  n
(3 -7 )
xriiere F = exp j (n<j> + wt -  y z) . The Y s o l u t i o n  i s  n o t  usedn n
b eca u se  the f i e l d s  must remain f i n i t e  and Y^(x) tends to  i n f i n i t y  
as x tends to z e r o .  For r e g io n  I I  b o th  s o l u t i o n s  are  u sed .
E _ = {a  „J (It 0p) + a „Y (k 0p)}Fz2 n2 n N n2 n3 n n 2K n
H 0 = {b 0J (k p) + b _Y (k 0p)}Fz2 n2 n n2 n3 n n2 n
(3-8)
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For reg ion  I I I
E _ = a .H } (k „p)Fz3 n4 n n3 11
H -  b .H(X*(k  _p)F z3 n4 n n3 n
(3-9)
inhere (x) -  J (x) + iY (x) i s  th e  Hankel f u n c t io n  o f  th e  f i r s tn n J n
k in d .  T his  typ e  o f  s o l u t i o n  i s  a p p r o p r ia te  b eca u se  i t  r e p r e s e n t s  a 
d eca y in g  f i e l d  in  th e  p d i r e c t i o n ,  i . e .  p e r p e n d ic u la r  to  th e  
g u id in g  s u r f a c e ,  i f  lc i s  p o s i t i v e  im ag in ary . For a h o l lo w  
d i e l e c t r i c  tube
.2 2 2 k 0 = w y_e^ -  yn3 0 0  'n
gn
(3 -1 0 )
where v_ i s  th e  TEM x^ave v e l o c i t y  in  medium I I I  and v  i s  the  3 gn
phase v e l o c i t y  o f  th e  mode c o r resp o n d in g  to  n .  p2e 2 Xs assumeE 
g r e a t e r  than BgEg (as i t  i s  i f  th e  tube i s  in  a i r )  . i s  l e s s
than v^ , and i s  l e s s  than or  eq u a l  to  v^. P h y s i c a l
re a s o n in g  shox^s v  cannot ex c eed  v _ .  T h ere fo re  (3 -1 0 )  shox^s gn 3
Iteg i s  im aginary or z e r o ,  and s i n c e  ta k in g  i t  as p o s i t i v e  im aginary  
g iv e s  p h y s i c a l l y  r e a l i s t i c  b eh a v io u r  fo r  la r g e  p t h i s  r e s t r i c t i o n  
i s  put on lcn3
The p and <j> components are o b ta in e d  by s u b s t i t u t i n g  
e q u a t io n s  (3 -7 )  to  (3 - 9 )  i n t o  (3 - 6 )  g iv i n g  th e  p and <j> f i e l d
com ponents. For b r e v i t y  H(1) i s  Xirritten H and th e  s u b s c r ip t  n11
i s  o m it ted  from k and y . For example  n n r
and th e  E^, H^, E  ^ and components fo r  each r e g io n  are  found  
s i m i l a r l y .  The boundary c o n d i t io n s  r e q u ir in g  c o n t i n u i t y  o f  
t a n g e n t i a l  (<p and z) components a t  p = a and p « b are  now
a p p l i e d ,  e . g .  E ^  = E ^ a t  p = a ,  Ez2 E^b a t  p = b and so
on. T his  g iv e s  e i g h t  e q u a t io n s  in  th e  a ' s and b !sn n
a (X_) n l  n 1 a 0J (cV) + a qY (cV) n2 n n3 n
bn l W  " bn2Jn (cV) + bn3V cV)
[ w n l J« ( , l ) + ^ i V n l W 1 
2
X„
1
cV {Yn[an2Jn (cV) + an3Yn (cV)1 
+ j Ww2 cV[bn2j ; ( 0V) + b Y ^ c V ) ] }
_2
X. I j “ El Xl an l Jn (XX) " Ynbn l W ]
cV {jw e0 cV[ a 0J ’ (cV) + a QY ’ (cV)] 2 n2 n n3 n
-  Ynlb„2 Jn (cV) + bn3Yn (cV)] }
> ( 3 - 1 2 )
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co rresp o n d in g  terms in  th e  an ’ s and Ts p la c e d  in  th e  same ord er
on th e  l e f t  hand s i d e  o f  each  e q u a t io n ,  and the r i g h t  hand s i d e s  z e r o .
The eq u a t io n s  are c o n s i s t e n t  o n ly  i f  th e  d eterm in ant o f  th e  c o e f f i c i e n t s
o f  th e  a 1 s and b ’s i s  z e r o .  In  t h i s  ca se  sev en  o f  the e i g h t  n - n b
unknowns can be found in  terms o f  th e  e i g h t h ,  w hich  i s  determ ined  by 
th e  power c a r r ie d  by th e  wave .
E v a lu a t in g  th e  d eterm in a n t  g iv e s  the c h a r a c t e r i s t i c  e q u a t io n  
w h ich , fo r  the s p e c i a l  c a s e  o f  a h o l lo w  tube in  a i r ,  i s
These e ig h t equations are then w r it te n  in  the standard form , w ith
n 4T4[ A3 -  A4] 2
4rr2n2 c K  Q
[ V Ai  -  V (&8 -  V  -  V A7 ~ V  +  -  V 1
2n2T2KQc2A0A, (A, -  AU (A -  A_)J H I / 2 o
+ n 2T2KQ[ (&gA3 -  A2A4) -  A5 (A3 -  A ^ ]  
+ n 2T2KQc4[ (A1A3 - A ?A4) - A 9 (A3 - A 4)]
'A8A3 A2AP
A^1A3 A7A4^
i r J (A3 “ V
K )  A^3 A4^ = 0
  (3-13)
where T = 1/V2 + 1/W2 ,
A5 = H^ (jW)/[ jWHn(jW)] ,
Q = (A/Aq) 2 = (V2 + W2 ) / ( V 2 + KW2)
A1 = t e ( cV)/(cVJn (cV)
A2 = J ' ( V ) / ( V J n (V))
A3 = Jn (cV)/Yn (cV) ,
A? = Y^(cV)/[cVYn (cV)j ,
jW = k3b
A -  J ' ( j cW) /  ( j cWJ ( j cW) ) y n n
A. = J  (V)/Y (V)4 n n
A8 Yn(V)/[VYn(V)] *
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From (3 -4 )
Y2 = - V o * - f t )  ■ “V o  " f t )  • (3- 14)
I t  i s  found t h a t ,  as in  th e  c a s e  o f  the d i e l e c t r i c  ro d , pure  
E and pure H modes can o n ly  e x i s t  in  modes p o s s e s s i n g  r a d i a l  
symmetry o f  f i e l d ,  i . e .  th e r e  i s  no v a r i a t i o n  o f  th e  f i e l d  components 
w ith  th e  c o o r d in a te  <j>, w h ich  i s  t r u e  fo r  n = 0 .  Under th e s e  con­
d i t i o n s  th e  boundary c o n d i t io n s  may be s a t i s f i e d  when th e  Bn ’s are
z ero  and hence E ■, H^ . and are zero  g i v i n g  pure E mode.
S im i la r ly  i f  the  a 's  are  zero  E , H, and E are  zero  g iv in g  an p <j> z
pure H mode.
When n 4=0  a l l  th e  modes are h y b r id  ( t h a t  i s ,  th ey  have b o th  
E and H f i n i t e )  and are  d e s c r ib e d  as HE or EH modes. I f  theZ Z
H component wave i s  s t r o n g e r  the wave i s  HE, and i f  th e r e  i s  more
power in  the E component then  i t  i s  an EH wave.
The e x p la n a t io n  f o r  th e  n o n - e x i s t e n c e  o f  pure E and pure H 
waves w i th  n > 0 i s  th a t  t h e s e  w a v e s , w hich  can e x i s t  a lo n e  in  a 
p e r f e c t l y  co n d u c tin g  h o l lo w  tu b e ,  are  a b le  to  do so  b eca u se  l o n g i ­
t u d in a l  co n d u c tio n  c u r r e n ts  can f lo w  in  the p e r f e c t l y  co n d u c tin g  
w avegu id e .  These are  n o t  p r e s e n t  on d i e l e c t r i c  rods or tu b es  and a re  
r e p la c e d  by th e  d isp la c e m e n t  c u r r e n ts  s e t  up by an a u x i l i a r y  w ave.
The modes are d e s c r ib e d  as HE , EH , II or E~nm nm 0m 0m
(m = 1 ,  2 ,  3 . . . ) .  The s u b s c r i p t  n r e f e r s  to  th e  f i e l d  v a r i a t i o n  
w ith  ( s i n  n<J> or cos n<|>) and m r e f e r s  to  th e  r o o t  o f  the
c h a r a c t e r i s t i c  eq u a t io n  s e l e c t e d .  For example m = 1 corresp on ds to  
th e  lo w e s t  r o o t  o f  the c h a r a c t e r i s t i c  e q u a t io n  ( i . e .  th e  s m a l l e s t  
v a lu e  o f  A/Aq ) ,  m = 2 to  th e  n e x t  r o o t  and so  on . The modes are  
c h a r a c t e r i s e d  by ’h ig h  p a ss  f i l t e r '  cu t  o f f  phenomena, as i n  h o l lo w
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co n d u c tin g  tu b e s .  For a g iv e n  mode, as freq uency  t e n d s . t o  i n f i n i t y ,
a l l  th e  wave energy i s  trapped w i t h i n  th e  d i e l e c t r i c .  As th e
freq uency  d e c r e a se s  th e  p r o p o r t io n  o f  energy  trapped d e c r e a s e s  and as
th e  freq uency  approaches th e  cu t  o f f  v a lu e  t h i s  p r o p o r t io n  approaches
z e r o .  The f i e l d s  above th e  d i e l e c t r i c  g u id in g  s u r fa c e  decay in
a p p rox im ate ly  e x p o n e n t ia l  f a s h io n  w ith  d i s t a n c e  from the s u r f a c e ,  th e
decay co n s ta n t  i n c r e a s i n g  as freq u en cy  i n c r e a s e s  f o r  a g iv e n  mode.
3 . 1 . 2  N o n - a x ia l ly  gu id ed  waves on d i e l e c t r i c  tu b es
In  a d d i t io n  to  a x i a l  s u r fa c e  waves d i e l e c t r i c  tu b es  can support
’w h is p e r in g  g a l l e r y ’ modes and a z im u th a l ( c i r c u m f e r e n t ia l )  modes.
15E l l i o t t  s tu d ie d  the p ro p a g a t io n  o f  az im uthal s u r fa c e  waves on a
d i e l e c t r i c  co a ted  co n d u c tin g  c y l i n d e r  and on a co n d u c tin g  c y l in d e r
w i th  a x i a l  c o r r u g a t io n s .  He showed t h a t  the p ro p a g a t io n  c o n s ta n t  i s
complex (even  i f  no r e s i s t i v e  l o s s e s  are  p r e s e n t ) ,  th e  a t t e n u a t io n
o c c u r r in g  b ecau se  energy i s  l o s t  by r a d i a t i o n .  T h is  typ e  o f  wave i s
n o t  v er y  im portant in  th e  p r e s e n t  work b eca u se  i t  can o n ly  be
launched  by a wave p ro p a g a t in g  in  a d i r e c t i o n  normal to  the a x i s  o f
th e  tube (radome) and th e  a b e r r a t io n  i s  o n ly  o f  i n t e r e s t  f o r  waves
i n c i d e n t  up to  about 20 d e g r e e s  from th e  a x i s .
15The author performed some exp er im en ts  on the la u n ch in g  and
p ro p a g a t io n  o f  az im u th a l waves on a radome. These ex p er im en ts  have
some r e le v a n c e  to  measurements o f  radome e l e c t r i c a l  t h i c k n e s s  or
i n s e r t i o n  phase d e la y .  However, as t h e s e  exp er im en ts  a re  n o t
con n ected  w ith  th e  main theme o f  radome a b e r r a t io n ,  th ey  are n o t
in c lu d e d  in  t h i s  t h e s i s .
A d i e l e c t r i c  rod o f  la r g e  d ia m eter  ( r e l a t i v e  to  a w a v e len g th )
can su p p ort  w h is p e r in g  g a l l e r y  modes. The p ro p a g a t io n  o f  th e s e
. 17waves on a d i e l e c t r i c  rod i s  a n a ly se d  by Wait whose r e s u l t s  show
t h a t  the wave normals f o l l o w  h e l i c a l  p a th s ,  where th e  axes o f  th e  
h e l i c e s  c o in c id e  w ith  th e  rod a x i s .
In  v iew  o f  th e  s i m i l a r i t y  b etw een  rods and tu b es  in  g u id in g  
a x i a l  waves i t  seems r e a s o n a b le  to  e x p e c t  th a t  d i e l e c t r i c  tubes o f  
l a r g e  d iam eter  and s u i t a b l e  w a l l  t h ic k n e s s  would a l s o  su pp ort  
w h is p e r in g  g a l l e r y  modes. T h is  v iew  i s  supported  by p h y s i c a l  
re a s o n in g  based  on th e  model o f  waves trapped  i n  the w a l l  o f  the  
tube and p ro p a g a t in g  by s u c c e s s i v e  r e f l e c t i o n s  a t  th e  d i e l e c t r i c -  
a i r  b o u n d a r ie s .  (The r e f l e c t i o n  i s  t o t a l  i f  th e  a n g le  o f  in c id e n c e  
i s  g r e a te r  than s i n  (1/>/k ) . )  There i s  no rea so n  why t h i s  model 
sh o u ld  be i n c o r r e c t  when th e  wave normals f o l l o w  s p i r a l  paths  
r a t h e r  than a x i a l  or a z im u th a l p a th s  in  th e  d i e l e c t r i c .
I t  i s  th ou ght th a t  a x i a l  and a z im u th a l waves can be regarded  
as l i m i t i n g  c a s e s  o f  th e  w h is p e r in g  g a l l e r y  w a v es .  L e t  us d e f in e  
th e  p i t c h  a n g le  o f  the h e l i c a l  path  fo l lo w e d  by th e  wave normal in  
the w a l l  o f  th e  tube as th e  a n g le  betw een the wave normal and a 
l i n e  drawn round the c irc u m fer en ce  o f  th e  tu b e .  Thus f o r  an a x i a l  
s u r fa c e  wave th e  p i t c h  a n g le  i s  t t / 2  and fo r  az im u th a l waves i t  i s  
z e r o .
P h y s ic a l  r e a s o n in g  s u g g e s t s  t h a t  a p la n e  wave i n c i d e n t  on a 
radome a t  an a n g le  0 w i th  the a x i s  laun ch es  waves o f  p i t c h  a n g le1j
tt/2 -  0T . T his  i s  c e r t a i n l y  tr u e  f o r  0 = 0  and tt/2 . Thei-i L
la u n ch in g  o f  s u r f a c e  waves in  a curved s h e e t  can be r e l a t e d  to  ray  
o p t i c s  ( F i g . 2 . 7 ) .  A p p ly in g  ray o p t i c s  to  th e  o g iv e s  o f  F i g . 1 .1  
shows th a t  f o r  0T < 20 d eg rees  tr a p p in g  o f  rays  a t  g r a z in g  
i n c id e n c e  can o n ly  a f f e c t  a v e r y  s m a l l  p r o p o r t io n  o f  th e  energy  
i n c i d e n t  on th e  radome. F u r th e r ,  t h i s  tra p p in g  o ccu rs  h ig h  up th e  
radome, u n l ik e  a x i a l  wave la u n ch in g  which occurs  p r i n c i p a l l y  a t  the
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t i p  o f  the radome ( s e c t i o n  3 . 4 . 2 ) .  T his  accord s  w i th  W a it 's  s ta te m e n t  
th a t  a l a r g e  d iam eter  i s  n e c e s s a r y  f o r  w h is p e r in g  g a l l e r y  waves to  
p ro p a g a te .
I t  was d e c id e d  t h e r e f o r e  th a t  o n ly  a x i a l  s u r f a c e  wave prop aga-  
t i o n  would be s t u d ie d  fu r t h e r  as the w h is p e r in g  g a l l e r y  waves appear  
to  be o f  minor im portance f o r  sm a ll  a n g le s  o f  lo o k  and th e  a z im u th a l  
waves are  o n ly  launched  f o r  0 = tt/ 2 .
Xj
3 .2  A x ia l  s u r fa c e  waves on l o s s  f r e e  un iform  tubes
In order to  determ in e  th e  f i e l d s  fo r  a g iv e n  mode on a tube i t  
i s  f i r s t  n e c e s s a r y  to  s o l v e  th e  c h a r a c t e r i s t i c  eq u a t io n  (e q u a t io n  
( 3 - 1 3 ) ) .  The author d id  t h i s  f o r  f i r s t  order (n = 1) s u r fa c e  waves  
by w r i t i n g  an A lg o l  computer programme (code number BAT 14) fo r  th e  
E l l i o t t  920 computer. The l e f t  hand s i d e  o f  the e q u a t io n ,  which can 
be regarded  as s im p ly  ^ ( x p  = 0 (where x^ « X/XQ) ,  was c a l c u l a t e d  
and p r in t e d  t o g e th e r  w i th  x^. S t a r t in g  w i th  a s u i t a b l e  v a lu e  o f  x  ^
th e  p r o c e s s  was r e p e a te d  s u c c e s s i v e l y ,  x^ b e in g  in c r e a s e d  by a 
sm a ll  amount each  t im e ,  u n t i l  th e  l a r g e s t  v a lu e  o f  x^ r e q u ir e d  was 
rea ch ed .  F i g . 3 .2  shows th e  f lo w  diagram o f  th e  programme.
The r o o t s  o f  th e  eq u a t io n  ^(x^) = 0 were found e i t h e r  by
i n t e r p o l a t i o n  or  by u s in g  s m a l le r  x^ increm en ts  once an approxim ate
r o o t  was known. T his procedu re  was adopted  in  p r e f e r e n c e  to  an
i t e r a t i v e  method b eca u se  th e  com puter's  s to r a g e  c a p a c i t y  was
18i n s u f f i c i e n t  fo r  th e  l a t t e r .  P o ly n o m ia l  ap proxim ations  were used to  
c a l c u l a t e  th e  B e s s e l  fu n c t io n s  b eca u se  no l ib r a r y  programme f o r  th e  
c a l c u l a t i o n  o f  th e  f u n c t io n s  was a v a i l a b l e  fo r  t h i s  com puter. However 
th e  accuracy  o f  th e  p o ly n o m ia l  ap proxim ations  was e s t im a te d  to be  
adequate  f o r  the p u rp o se .  V e r i f i c a t i o n  o f  th e  c o r r e c t n e s s  o f  the  
programme was o b ta in e d  in  two ind ep en d en t x^ays. F i r s t  th e  v a lu e s  o f
A/Aq c a l c u l a t e d  by A stra h a n 1-4 w ere checked fo r  th e  mode on a
d i e l e c t r i c  tube o f  r e l a t i v e  p e r m i t t i v i t y  2 . 5 .  Then the r e s u l t s  o f  
o th e r  w orkers ,  o b ta in e d  f o r  th e  mode on d i e l e c t r i c  rods o f
v a r io u s  p e r m i t t i v i t i e s ,  w ere compared w ith  th o se  o b ta in e d  from the  
programme when the tube in n er  ra d iu s  was s e t  eq u a l to  z e r o .  In b o th  
c a s e s  i t  was found t h a t  th e  r e s u l t s  agreed  w i th  th o s e  o f  the o th e r  
workers and th e  programme was c o n s id e r e d  v e r i f i e d .
A t y p i c a l  p r i n t - o u t  o f  th e  r e s u l t s  o b ta in e d  w ith  th e  programme 
i s  shown in  F i g . 3 . 3 ,  An im p ortan t r e s u l t ,  from th e  p o in t  o f  v iew  o f  
p ro p a g a tio n  on radom es, was r e v e a le d  by the c a l c u l a t i o n s , For tubes  
o f  c o n s ta n t  w all'  t h i c k n e s s ,  w i t h  d ia m eters  o f  s e v e r a l  w a v e le n g t h s , 
the v a lu e  o f  A/Aq  was found to  vary  o n ly  s l i g h t l y  w i t h  tube  
d ia m eter .  T his s u g g e s t s  t h a t  f o r  modes n o t  too  c l o s e  to  cu t  o f f  th e  
ta p er  o f  a radome forms a v e r y  m ild  p e r t u r b a t io n  ( i n  th e  la r g e  
d iam eter  r e g io n  away from th e  t i p )  and t h e r e f o r e  th e  p ro p a g a t io n  on 
th e  radome near th e  a e r i a l  would be e x p ec ted  to  be v e r y  s i m i l a r  to  
th a t  on a uniform  tube o f  th e  same d iam eter  as the radome i n  the  
r e g io n  o f  i n t e r e s t .  F i g s . 3 . 4  and 3 .5  show two exam ples o f  the  
v a r i a t i o n  o f  ^A q  w ith  d ia m eter  f o r  tu b es  o f  c o n s ta n t  w a l l  t h i c k ­
n e s s .  Even fo r  th e  mode c l o s e  to  cu t  o f f  ( F i g . 3 .5 )  4/Aq v a r i e s  
q u i t e  s lo w ly  w i th  d iam eter  on ce  t h i s  ex ceed s  about s i x  w a v e le n g t h s . 
F i g . 3 .4  a l s o  in c lu d e s  r e s u l t s  f o r  th e  E ^  mode o b ta in e d  from 
R e f . 12.
Another i n t e r e s t i n g  r e s u l t  was o b ta in e d  when a c o l l e a g u e  
w rote  a programme f o r  th e  E l l i o t t  803 computer to  s o l v e  th e  
c h a r a c t e r i s t i c  eq u a t io n  (3 -1 3 )  w i th  n = 1 ,  2 ,  3 ,  4 ,  5 . The p ro ­
gramme was v e r i f i e d  f o r  n = 1 w a v es ,  by com parison w i th  th e  f i r s t  
programme m entioned . The h ig h e r  modes cou ld  n o t  be checked as
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BAT 1 A 
ORDER = 1
DIELECTRIC CONSTANT n 2*500000 
INNER RADIUS ~ 2*700000 
OUTER RADIUS »  3*000000 
FREE SPACE WAVELENGTH = 1*000000
X
• 72100000 
•7500000 
•7600000 
•7700000 
•7800000 
•7900000 
*8000000 
•8100000 
*8200000 
*8300000 
.8400000 
•8500000 
*8600000 
•8700000 
*8800000 
•8900000 
*9000000
• 9 1 0 0 0 0 0 
*9200000 
•9300000 
*9400000 
*9500000 
•9600000 
*9700000 
•9800000 
*9899999 
•9999999
FCX)
•0000296
*0000043
* 0 0 6 0 469 '' 
•0000573 
•0000540 
•0003632 
•0002593 
.0000392 
•0000218 
.0000200 
x 0000220
* do 0 i753 ' 
*000832? 
*0003553 
•0005413 
•0021537 
•4287891
* 0023544 
•0009126 
*0006709 
•0006883 
•0009007 
•0014700 
•0030609 
*0089172 
•0505080 
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K ie ly  o n ly  g iv e s  r e s u l t s  f o r  th e  E • and b e -q  w aves.  A
t y p i c a l  p r in t ~ o u t  i s  shown in  F i g . 3 .6  and a graph o f  ^ A q v e r s u s
tube ra d iu s  f o r  EBn  ^ waves (n ~ 1 ,  2 ,  3 ,  4 ,  5) in  F i g . 3 . 7 .  Not
o n ly  do th e  h ig h e r  ord er  waves show th e  p r e v io u s ly  n o ted  tendency o f
s lo w ly  v a ry in g  AA.q f o r  l a r g e  r a d iu s ,  n e ig h b o u r in g  modes have o n ly
19s l i g h t l y  d i f f e r e n t  v a lu e s  o f  g u id e  w a v e le n g th .  T h is  s u g g e s t s  t h a t
a z im u th a l  asymmetry i n  a radome co u ld  cause s t r o n g  c o u p lin g  betw een
th e  d i f f e r e n t  waves o f  a g iv e n  c l a s s  such as w a v es .  T h is
asymmetry co u ld  ta k e  th e  form o f  a d ep a rtu re  from c i r c u l a r i t y  o f
c r o s s - s e c t i o n  or an a z im u th a l v a r i a t i o n  o f  w a l l  t h i c k n e s s .
3 .3  The e f f e c t  o f  d i e l e c t r i c  l o s s  on the p ro p a g a tio n  o f  a x i a l  
S u rfa ce  waves
3 . 3 . 1  P ro p a g a tio n  on l o s s y  d i e l e c t r i c  rods 
S in c e  p r a c t i c a l  radomes have f i n i t e  d i e l e c t r i c  l o s s ,  i t  i s  
n e c e s s a r y  to e n q u ire  i n t o  th e  e f f e c t s  o f  t h i s  on s u r fa c e  wave 
p ro p a g a t io n .
On a l o s s  f r e e  d i e l e c t r i c  tube or rod th e  s u r fa c e  impedance
E /H , I , where p i s  th e  rod ra d iu s  or tube o u te r  r a d iu s ,  i s  z 4>'p-p ss
i n d u c t i v e  f o r  th e  mode. I t  i s  a l s o  in d u c t i v e  f o r  th e  same
mode on a d i e l e c t r i c  c o a te d  or co r ru g a ted  conductor  o f  c i r c u l a r
c r o s s - s e c t i o n  i f  t h e s e  s t r u c t u r e s  are l o s s  f r e e .  Barlow and
20 . .Karbowialc showed t h e o r e t i c a l l y  and confirm ed ex p e r r m e n ta l ly  th a t
a c a p a c i t i v e  s u r fa c e  can a l s o  su p p ort  an E ^  s u r fa c e  wave o v er  a 
l i m i t e d  freq uency  ra n g e .  The phase v e l o c i t y  in  t h i s  range i s  
g r e a t e r  than th e  f r e e  sp a ce  v e l o c i t y  o f  l i g h t .  In  t h e s e  e x p e r i ­
ments th e  c a p a c i t i v e  s u r fa c e  was p ro v id ed  by a  l o s s y  d i e l e c t r i c  
(P ersp ex) rod o f  c a r e f u l l y  chosen  d ia m ete r .  Below a c r i t i c a l  
freq u en cy  the wave broke up and co u ld  no lo n g e r  be su p p o rted .
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The same c o n c lu s io n ,  th a t  a c a p a c i t i v e  s u r fa c e  can support an/
' 21 Eqx s u r fa c e  w ave, was a l s o  rea ch ed  by Arnbalc who s t u d ie d  the
c h a r a c t e r i s t i c  e q u a t io n  f o r  a x i a l  s u r fa c e  wave p ro p a g a t io n  on a 
d i e l e c t r i c  rod . He d id  n o t  c o n f in e  h i s  a t t e n t i o n  to  n o n - r a d ia t in g  
waves but t r e a t e d  th e  a x i a l  and t r a n s v e r s e  p ro p a g a t io n  c o n s ta n ts  as 
complex v a r i a b l e s  w i th  ( i n  g e n e r a l)  f i n i t e  r e a l  and im aginary  p a r t s .  
He found th a t  leak y  w a v es ,  i . e .  f a s t  r a d ia t in g  w a v e s , can e x i s t  on 
a l o s s  f r e e  d i e l e c t r i c  ro d .  These waves can be co n n ected  to  the  
s u r fa c e  wave modes o f  th e  rod . When th e  freq uency  i s  reduced below  
cu t  o f f  fo r  a p a r t i c u l a r  mode a t r a n s i t i o n  to  a le a k y  wave o c c u r s .  
These waves are  improper in  th a t  th ey  do n o t  s a t i s f y  th e  r a d i a t i o n  
c o n d i t io n  and t h e r e f o r e  can o n ly  e x i s t  in  th e  neighbourhood  o f  a 
s o u r c e .  I t  was a l s o  shown th a t  d i e l e c t r i c  l o s s e s  in  th e  rod a f f e c t  
th e  p ro p a g a tio n  c h a r a c t e r i s t i c s  s t r o n g l y .  I t  was confirm ed th a t  the  
s u r fa c e  impedance fo r  th e  E ^  mode on a l o s s y  rod can become 
c a p a c i t i v e  and su pp ort  a n o n - r a d ia t in g  f a s t  s u r fa c e  w ave, as 
re p o r te d  by Barlow and Karbowiak. In  a d d i t io n  th e  p ro p a g a t io n  con­
s t a n t s  are  e v a lu a te d  f o r  prop er  and improper E^  ^ waves on a 
d i e l e c t r i c  rod o f  d i e l e c t r i c  c o n s ta n t  2 .6  and tan  6 = 0  and 0 .0 7 7 .  
Arnbalc s t a t e s  th a t  g e n e r a l l y  s i m i l a r  b eh av iou r  i s  o b ta in e d  fo r  th e  
more complex n = 1 w aves.  The l a t t e r  c o n c lu s io n  i s  o f  im portance
b eca u se  th e  HE, modes a re  o f  m ost i n t e r e s t  on th e  radomes used in  Im
the p r e s e n t  programme,
3 . 3 . 2  P ro p a g a t io n  on l o s s y  tu b es  and radomes 
22S h u tt  performed some ex p er im en ts  to  examine the e f f e c t  on 
a b e r r a t io n  o f  r a d i a t i o n  s c a t t e r e d  by a r e c e i v i n g  a e r i a l  i n s i d e  a 
radome. Some o f  t h i s  work i s  more r e l e v a n t  to  th e  c o n te n t s  o f
Chapter 4 and w i l l  be d i s c u s s e d  t h e r e ,  b ut two exp er im en ts  s u g g e s te d  
th a t  an a x i a l l y  gu id ed  wave was p ro p a g a t in g  on the radome.
F i r s t ,  a b e r r a t io n  curves  ( a b e r r a t io n  as a f u n c t io n  o f  a n g le  o f  
lo o k )  w ere measured f o r  a l a r g e  c o n i c a l  f i b r e  g l a s s  X band radome a t  
a w a v e len g th  o f  3 .2  cm, u s in g  a 6 in c h  d iam eter  d is h  a e r i a l .  The 
a b e r r a t io n  curves  were measured a t - v a r io u s  a x i a l  p o s i t i o n s  o f  th e  
a e r i a l  i n s i d e  th e  radome. I t  was found th a t  th e  peak to  peak am pli­
tude o f  th e  a b e r r a t io n  curves  v a r i e d  p e r i o d i c a l l y  w i th  a x i a l  d i s t a n c e  
th e  p e r io d  b e in g  a p p ro x im a te ly  a w a v e le n g th ,  and t h i s  v a r i a t i o n  was
superim posed upon one w i th  a p e r io d  o f  about s i x  w a v e le n g t h s . A
23s i m i l a r  exp er im en t was performed by S e l l e n  and a g a in  a dominant 
p e r io d  o f  about one w a v e le n g th  was ob serv ed . .  The s h o r t e r  p e r io d  
v a r i a t i o n  i s  accoun ted  f o r  in  Chapter 4 in  terms o f  m u l t i p l e  
r e f l e c t i o n s  ( i n t e r a c t i o n )  betw een  th e  a e r i a l  and th e  radome.
In  a second  ex p er im en t ,  w h ich  w i l l  a l s o  be d i s c u s s e d  fu r t h e r  
i n  Chapter 4, S h u tt  measured th e  a b e r r a t io n  o f  a radome u s in g  two 
d i f f e r e n t  a e r i a l s ,  th e  one m entioned  above and a s p e c i a l l y  d es ig n e d  
a e r i a l  which s c a t t e r e d  v ery  l i t t l e  o f  th e  r a d i a t i o n  i n c i d e n t  upon i t .  
The a b e r r a t io n  curves measured w ith  th e  two a e r i a l s  d i f f e r  c o n s id e r a b ly  
( F i g . 3 .8 )  and i t  i s  notew orth y  t h a t  b oth  cu rves  are a sy m m e tr ic a l .
Some o f  the asymmetry may be cau sed  by im p e r fe c t  c o n s t r u c t io n  o f  th e  
radome, but the au th or  th ou ght i t  s i g n i f i c a n t  th a t  th e  p o la r  diagrams 
o f  th e  a e r i a l s  ( F i g . 4 .2 3 )  are  a l s o  a sy m m etr ica l .  Then th e  author  
’ r e g u l a r i s e d ’ th e  a b e r r a t io n  c u r v e s ,  to  make the a b e r r a t io n  an odd 
fu n c t io n  o f  lo o k  a n g le  0^ (as i t  sh o u ld  be in  a p e r f e c t l y  sym m etrica l  
system ) by a v era g in g  th e  two h a lv e s  o f  the curve f o r  p o s i t i v e  and
n e g a t i v e  0 . I t  was found t h a t ,  f o r  th e  two a b e r r a t io n  p l o t s  inJLr
q u e s t io n ,  the mean or r e g u l a r i s e d  cu rves  d i f f e r e d  most from the
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measured curves a t  a n g le s  o f  lo o k  where the s lo p e s  o f  th e  p o la r
diagrams were g r e a t e s t .
This i s  s e e n  as e v id e n c e  f o r  th e  e x i s t e n c e  o f  a p er tu rb in g -w a v e
gu ided  a x i a l l y  by the radome, b eca u se  th e  p e r tu r b in g  p la n e  wave th eory
( s e c t i o n  2 . 4 . 4 )  shows th a t  th e  a b e r r a t io n  produced by a p e r tu r b in g
p la n e  wave i s  p r o p o r t io n a l  to  th e  s l o p e  o f  th e  p o la r  diagram o f  the
a e r i a l .  The wave gu ided  by th e  radome would n o t  be a uniform  p la n e
wave o f  c o u r s e ,  b u t  i t  i s  shown in  s e c t i o n  3 .5  th a t  th e  s u r f a c e
wave mode on a radome has a s i m i l a r  e f f e c t .
The r e s u l t s  o f  th e  f i r s t  ex p er im en t may a l s o  be i n t e r p r e t e d  as
an i n d i c a t i o n  o f  th e  p r e s e n c e  o f  an a x i a l l y  gu ided  wave p ro p a g a t in g
24a lo n g  th e  radome. Lewis s u g g e s te d  in  h i s  ’ a x i a l  wave t h e o r y ’ th a t  
radomes m ight p rop agate  a complex ’w aveguide mode’ a n d /o r  a s u r fa c e  
wave which would cau se  a b e r r a t io n .  He showed th a t  i f  such  a wave 
e x i s t s ,  o f  gu id e  w a v e len g th  A, and th e  a b e r r a t io n  i s  measured a t  
v a r io u s  a x i a l  p o s i t i o n s  f o r  a f i x e d  a n g le  o f  lo o k  0 th en  c y c l i ci-i
v a r i a t i o n s  in  a b e r r a t io n  o f  p e r io d  T  ^ o c c u r ,  where T^  i s  g iv e n  by
0^T = t------------------- . (3 -1 5 )
0—  -  cos eL
The peak a b e r r a t io n  caused  by an a x i a l  wave sh o u ld  occur a t
0^ -  10 degrees  f o r  AQ = 3 .2  cm fo r  a 6 in ch  d iam eter  a e r i a l  w i th  
2
1 -  r i l l u m i n a t i o n ,  a c c o r d in g  to  th e  p e r tu r b in g  wave th e o r y ,  and 
th e  maximum v a lu e  o f  a b e r r a t io n  fo r  th e  radome used  due to i n s e r t i o n  
p hase e f f e c t s  a l s o  o ccu rs  n ea r  t h i s  a n g le  o f  lo o k ,  so th e  peak  
am plitude o f  the a b e r r a t io n  curve i s  ap prox im ate ly  th e  am p litud e  a t  
10 d eg rees  a n g le  o f  lo o k .  I n s e r t i n g  0 = 10 d e g r e e s ,  T = 1 9 .6  cmli
( th e  measured v a lu e  o f  th e  p e r io d )  and A^  = 3 .2  cm in
46
e q u a t io n  (3 -1 5 )  and s o l v i n g  f o r  A we  f in d  X = 3 .2 5  cm. That i s ,  
th e  a x i a l  wave i s  f a s t .
To i n v e s t i g a t e  a x i a l  p ro p a g a t io n  f u r t h e r ,  S h u tt  performed  
an oth er  exp er im en t in  w hich  a gu ided  wave was launched  on a radome 
by means o f  a t r a n s m i t t in g  horn a t  th e  end o f  a 7 .5 5  in ch  d ia m ete r ,
7 f o o t  long  d i e l e c t r i c  tu b e .  The o th e r  e n d .o f  th e  tube x^as j o in e d  
to  a radome, the m a t e r i a l ,  x-zall th ic k n e s s  and b ase  d iam eter  o f  xriiich 
xxrere the same as th o s e  o f  th e  tu b e .  The m a t e r ia l  used  was r e s i n  
bonded g la s s  la m in a te  o f  d i e l e c t r i c  c o n s ta n t  4 .0  and l o s s  ta n g en t  
0 , 0 1 .  A th in  T ufno l rod was i n s e r t e d  through a sm a ll  h o le  in  the  
n ose  o f  the radome and a 1  ^ in ch  d iam eter  m eta l  d i s c  x«/as a t ta c h e d  to 
i t .  The d i s c  x-rns i n s e r t e d  a x i a l l y  i n t o  the radome and th e  pox^er 
r e f l e c t e d  back to  th e  horn x^as p l o t t e d  as a fu n c t io n  o f  the i n s e r ­
t i o n  o f  th e  d i s c .  (The pox^er re tu rn ed  from the d i s c  in  th e  a b sen ce  
o f  th e  tube was n e g l i g i b l e . )  A p e r i o d i c  v a r i a t i o n  x-iras found, and th e  
gu id e  x^avelength x a^s found to  be a fu n c t io n  o f  p o s i t i o n  in  the  
radome, becoming lo n g e r  near th e  t i p  and alxirays g r e a t e r  than A^, 
xtfhich x«7as 3 .2 4 4  cm. T his x^ave x<ras th ou ght by S h u tt  to  be o f  a 
s i m i l a r  type to  th a t  w hich  p ro p a g a tes  in  co n d u ct in g  x^aveguides, 
s i n c e  the energy re tu rn ed  from th e  d i s c  v a r ie d  w i th  freq u en cy  in  
approx im ate ly  th e  same way as th e  r e f l e c t i o n  c o e f f i c i e n t  o f  th e  tube  
xtfall, and the x^avelength was c l o s e  to  th a t  o f  the mode in
c i r c u l a r  x^aveguide o f  e q u iv a le n t  d ia m ete r .
The author has i n v e s t i g a t e d  t h i s  f u r t h e r  and th e  a x i a l  xxrave 
d e t e c t e d  in  the experim ent x?ith th e  tube and radome i s  th ou ght to  be 
th e  s u r fa c e  x-jave, w h ich  i s  f a s t  a t  AQ = 3 .2  cm. On the
radome fo r  0^ =+ 0 th e  a x i a l  x^ rave d e te c t e d  cou ld  be a com bination  
o f  th e  E E ^  and o th e r s  o f  the n e a r -d e g e n e r a t e  E E ^  Sr ° uP«
(An a x i a l l y  i n c i d e n t  p la n e  wave or a horn w ith  i t s  a x i s  c o in c id e n t
w i th  the tube a x i s  would o n ly  laun ch  HE, and EH, w a v e s , b u tJ Im lm *
a n o n - a x i a l l y  i n c i d e n t  wave would launch  o th e r  modes as w e l l . )  The
gu id e  w a v e len g th  o f  th e  mode was measured u s in g  th e  same tube
employed by S h u t t .  The apparatus used  in  th e  measurements i s  shown
in  F i g . 3 . 9 .  The o u tp u t  o f  th e  c r y s t a l  d e t e c t o r  was p l o t t e d  as a
fu n c t io n  o f  d i s t a n c e  o f  th e  d i s c  from th e  horn . The sy s te m  was in
e f f e c t  a low Q c a v i t y  and by moving th e  d i s c  through a la r g e
number o f  w a v e le n g th s  th e  g u id e  w a v e le n g th  cou ld  be determ ined
a c c u r a t e l y ,  s i n c e  a d ja c e n t  minima w ere sp aced  by A /2 .  The accuracy
o f  t h i s  method i s  l i m i t e d  by im p e r f e c t  c o n s t r u c t io n  o f  th e  tube but
i t  was s u f f i c i e n t  to  show th a t  f a s t  wave p ro p a g a t io n  p rob ably  occurs
fo r  a range o f  f r e q u e n c ie s  b e low  f^  and s low  wave p ro p a g a t io n  a t
h ig h e r  f r e q u e n c ie s ,  a l th o u g h  th e  e x a c t  t r a n s i t i o n  p o in t  was n o t
d eterm in ed . ( f^  i s  th e  c u t  o f f  freq u en cy  f o r  th e  ^ E ^  mode on a
l o s s  f r e e  tube o f  the same d im ensions  and d i e l e c t r i c  c o n s t a n t . )
The r e s u l t s  o b ta in e d  a re  shown i n  F i g . 3 .1 0 ,  where th e  q u a n t i ty
AA/Aq = (Aq -  A)/Aq i s  p l o t t e d  a g a i n s t  Aq . Three c a l c u l a t e d
v a lu e s  are  shown and e x t r a p o la t e d  to  g iv e  the approxim ate c u t  o f f
w a v e len g th  f o r  th e  l o s s  f r e e  c a s e .  I t  w i l l  be n o t i c e d  t h a t  the
measured v a lu e  o f  AA/Aq f o r  Aq = 2 .9 5  cm l i e s  o u t s i d e  the curve
20f o r  th e  l o s s  f r e e  tu b e .  Arnbalc's r e s u l t s  s u g g e s t  t h a t  f o r  a 
l o s s y  rod th e  w a v e le n g th  o f  th e  s lo w  wave n ear  c u t  o f f  i s  s l i g h t l y  
reduced  r e l a t i v e  to  th e  l o s s  f r e e  c a s e ,  w hich  makes AA/Aq l a r g e r .
At a freq u en cy  w e l l  b e low  th e  c u t  o f f  v a lu e  (Aq = 3 .6  cm) 
the wave d id  n o t  p ro p a g a te ,  and in s t e a d  o f  the r e g u la r  p a t t e r n  
ob served  p r e v io u s ly  a h ig h l y  i r r e g u l a r  p l o t  was o b ta in e d .  This  
b eh a v io u r  a g a in  re sem b les  th a t  o f  the Eq  ^ mode on th e  l o s s y  rod .
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I t  i s  s u g g e s t e d  th a t  a d e s ig n e r  o f  h a l f  wave radomes sh o u ld ,  
i f  o th e r  c o n s id e r a t io n s  a l lo w ,  ch o o se  th e  d i e l e c t r i c  c o n s ta n t  such  
th a t  th e  an  ^ E H ^  modes w hich  can p rop agate  are  n o t  too
c l o s e  to  cu t  o f f .  The rea so n  f o r  t h i s  i s  th a t  modes n ear  c u t  o f f  
ca rry  more energy i n  th e  a i r  sp a ce  i n s i d e  th e  tube and h en ce  are  
more l i k e l y  to  cau se  a b e r r a t io n .  The p r a c t i c a l  s i g n i f i c a n c e  o f  
l o s s  i s  th a t  (a p a rt  from a t t e n u a t i o n  o f  the d i r e c t  wave t r a n s m it te d  
through the radome w a l l )  the  freq u en cy  range in  which t h e s e  modes 
co u ld  be troub lesom e i s  e x te n d e d .  The d e s ig n e r  sh ou ld  a l s o  bear in  
mind t h a t  aerodynamic h e a t in g  o f  th e  radome in  f l i g h t  may change the  
d i e l e c t r i c  c o n s ta n t  and l o s s  ta n g e n t  so  th a t  the g u id in g  b eh a v io u r  
co u ld  d i f f e r  a p p r e c ia b ly  from th a t  a t  normal te m p era tu re s .  However 
ceram ic m a t e r i a l s ,  w h ich  are more l i k e l y  to  be used  f o r  m i s s i l e s ,  
have much low er l o s s  ta n g en t  than th e  r e s i n  bonded g l a s s  f i b r e  
la m in a te  used in  th e  ex p er im en ts  d e s c r ib e d  in  t h i s  s e c t i o n .
3 .4  Tapered d i e l e c t r i c  w avegu id es
3 . 4 . 1  T h e o r e t i c a l  work on l i n e a r l y  tap ered  d i e l e c t r i c  rods
In  ord er  to  o b ta in  an improved u n d ers ta n d in g  o f  s u r fa c e  wave 
p ro p a g a t io n  on radomes i t  was c o n s id e r e d  a d v is a b le  to  t r y  a 
t h e o r e t i c a l  a n a l y s i s .  The radomes shown in  Chapter 1 do n o t  len d  
th em se lv es  to  s im p le  d e s c r i p t i o n s  i n  any c o n v en ien t  c o o r d in a te  
sy s tem . However, s i n c e  radomes a re  tap ered  tubes and i t  i s  known 
th a t  uniform  d i e l e c t r i c  tu b es  have s i m i l a r  g u id in g  p r o p e r t i e s  to  
u niform  r o d s ,  i t  was th ou ght t h a t  an a n a ly s i s  o f  p r o p a g a t io n  on a 
ta p ered  d i e l e c t r i c  rod would r e v e a l  th e  e s s e n t i a l  f e a t u r e s  o f  
p ro p a g a t io n  on ta p ered  t u b e s .  A lso  b eh a v io u r  in  th e  t i p  r e g io n  o f  
c o n i c a l  radomes sh o u ld  be c l a r i f i e d .
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v a r i a b l e s )  the f o l l o w i n g  p rocedure  was adopted . U sing  s p h e r i c a l
p o la r  c o o r d in a te s  sp a ce  was d iv id e d  i n t o  two r e g io n s  ( F i g . 3 ,1 1 )  by
th e  c o n i c a l  s u r fa c e  0 = 0 . R egion  I c o n s i s t s  o f  th e  s o l i d ,  l o s s
f r e e  d i e l e c t r i c  cone o f  d i e l e c t r i c  c o n s ta n t  K. R egion  I I  l i e s
o u t s id e  the cone and c o n s i s t s  o f  f r e e  s p a c e .  S ep a r a t in g  the wave
e q u a t io n  in  s p h e r i c a l  p o la r  c o o r d i n a t e s ,  as was done in  th e  a n a ly s i s
25o f  c o n i c a l  horns p r e s e n te d  by Lamont , and in  an a logous f a s h io n  to
th e  p rocedure  used f o r  th e  d i e l e c t r i c  tube ( s e c t i o n  3 .1 )  in
c y l i n d r i c a l  p o la r  c o o r d i n a t e s ,  th e  f o l l o w i n g  e x p r e s s io n s  were
o b ta in e d  fo r  an E~ wave ( i . e .  H » E, = H_ = 0 ) .0 r <j> 0
In  an attem pt to  apply the c la s s ic a l method (the separa tion  o f
In  r e g io n  I
rl
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where lc^  = 2 tt / k / X q , lc^  = 2 tt/Aq , and P™(cos 0) i s  a s o l u t i o n  o f  
L eg en d re 's  a s s o c i a t e d  e q u a t io n ,  o f  o rd er  m and d egree  v .
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b o th  in c lu d e  th e  o r i g i n .  A l l  th e  o th e r  s o l u t i o n s  o f  B e s s e l ' s  e q u a t io n
become i n f i n i t e  a t  th e  o r i g i n  so  can n ot d e s c r ib e  p h y s i c a l  f i e l d s
t h e r e .  The Legendre a s s o c i a t e d  f u n c t io n  P™(cos 0) becomes i n f i n i t e
a t  0 = tt u n le s s  v i s  i n t e g r a l  and P™(~ cos 0) = P^ cos  ( it -  0)
becomes i n f i n i t e  a t  0 = 0  f o r  n o n - i n t e g r a l  v ,  so th e  f i r s t  one i s
used f o r  r e g io n  I I  and th e  secon d  f o r  r e g io n  I .
The n e x t  s t e p  was to  t r y  to  match t a n g e n t i a l  f i e l d  components
a t  th e  boundary so th a t  and can be found. However i t  i s
o f t e n  u s e f u l  in  p h y s i c a l  problems to  c o n s id e r  l i m i t i n g  c a s e s ,  and
i f  when we tr y  to  match E , to  E n a t  0 = 0„ we c o n s id e r  whatr l  r2 0
happens when r i s  very  l a r g e ,  we f in d  th a t  E  ^ i s  p r o p o r t io n a l
— I , -I
to  r  2 cos (k^r) and E ^  i s  p r o p o r t io n a l  to  r 2 cos k^r.
S in c e  k^ f o r  K > 1 i t  i s  n o t  p o s s i b l e  to  match th e  f i e l d s
over  th e  w hole c o n i c a l  s u r f a c e .
S in c e  th e  boundary c o n d i t io n s  co u ld  n o t  be s a t i s f i e d  by a
s i n g l e  s o l u t i o n  in  each r e g io n  i t  was d ec id ed  to  tr y  an i n f i n i t e
s e r i e s  o f  s o l u t i o n s  o f  th e  typ e  (3 -1 6 )  in  r e g io n  IX and a s i n g l e
s o l u t i o n  in  r e g io n  I .  No p r o g r e s s  was made in  t h i s .  The d i f f i c u l t y
2 6i s  r e s o lv e d  by the work o f  F e l s e n  who showed th a t  in  o rd er  f o r  th e
wave eq u a t io n  to be s e p a r a b le  on a c o n i c a l  boundary o f  v a r i a b l e
s u r fa c e  impedance, f o r  c i r c u l a r l y  sym m etric f i e l d s ,  i t  i s  n e c e s s a r y
f o r  th e  s u r fa c e  impedance zg to  be p r o p o r t io n a l  to  1 / r  fo r  E^
w a v es .  For H  ^ waves zg sh o u ld  be  p r o p o r t io n a l  to  r .  (For E^
waves z = (E /H ) I and f o r  H_ waves z " (E ./H  ) | .  ) .
s r 9 s <j> r 1 Q-Bq
A good ap proxim ation  to  th e  s p e c i f i e d  form o f  s u r f a c e  impedance  
v a r i a t i o n  co u ld  be o b ta in e d  f o r  EQ waves by c u t t in g  az im uthal  
grooves in  a co n d u c tin g  c o n e ,  the depth  o f  th e  grooves b e in g  v a r ie d
The Bessel fu n c tio n  o f the f i r s t  k in d  is  used fo r  both regions since
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from a q u a r te r  w a v e le n g th  n ea r  th e  t i p  to  zero  a t  la rg er ,  r .  When 
th e  s u r f a c e  impedance o f  a d i e l e c t r i c  rod ( f o r  Eq and Hq w aves)  
was c a l c u l a t e d  as a fu n c t io n  o f  d ia m eter  i t  was found th a t  a non­
l i n e a r  r e l a t i o n s h i p  e x i s t s .  I t  x^as con clu ded  th a t  th e  l i n e a r  model 
xvas n o t  o f  much u se  f o r  th e  p r e s e n t  problem.
3 . 4 . 2  The a t t e n u a t io n  o f  a x i a l  s u r fa c e  x^aves due to  r a d i a t i o n
3 . 4 . 2 . 1  Approximate th eo ry  
A nother approach used  in  o b t a in in g  an improved u n d ers ta n d in g  
o f  a x i a l  s u r fa c e  wave p r o p a g a t io n  on radomes x-xas s u g g e s t e d  by th e  
f a c t  th a t  txtfo common radome s h a p e s ,  th e  optimum s e c a n t  o g iv e  and the
ta n g e n t  o g iv e  are  b o th  g e n e r a te d  by r o t a t i n g  c i r c u l a r  a rc s  about a
15chord . As a lr e a d y  m entioned  an e x a c t  th eory  e x i s t s  f o r  the
p ro p a g a t io n  o f  a z im u th a l s u r f a c e  \<raves  when a p la n e  g u id in g  s u r fa c e
i s  b en t  i n t o  a c y l i n d e r .  I t  seems r e a s o n a b le  to  e x p e c t  t h a t  th e
wave g u id in g  b eh a v io u r  o f  o g i v a l  radomes sh ould  be i n d i c a t e d  by th e
above th e o r y ,  in  s p i t e  o f  th e  d o u b le  c u r v a tu r e ,  e x c e p t  n ear  th e  t i p .
T h is  e x p e c t a t io n  i s  b ased  on th e  fo l lo x v in g  r e a s o n in g .  The d e f i n i t i o n
o f  s u r f a c e  impedance z f o r  th e  IL , mode on a d i e l e c t r i c  tube i ss 01
Zs “ E^$37Hz 3 ^ p « b  = ( j wh0 / k 3) (Hq (k 3b ) / Ho (lc3b) ) -  I f  , V \ )  f o r  a 
g iv e n  mode i s  n e a r ly  c o n s ta n t  th en  z^ a l s o  v a r i e s  s loxv ly .  This con­
d i t i o n  a p p l i e s  fo r  most modes o v er  m ost o f  th e  radome, e x c e p t  near th e  
t i p  ( F i g s . 3 .5  and 3 . 7 ) .  An o g i v a l  radome i s  t h e r e f o r e  a p p ro x im a te ly  
s i m i l a r  to  th e  c y l i n d r i c a l  r e a c t i v e  s u r fa c e  in  th e  n e a r - u n i fo r m it y  o f  
i t s  s u r fa c e  impedance. I t  i s  xvell lcnoxm th a t  d i s c o n t i n u i t i e s  in  
s u r fa c e  impedance cau se  a s u r f a c e  xvave to  r a d i a t e .  I t  folloxvrs t h a t  
r a d i a t i o n  from a s u r fa c e  x-7ave mode on a radome, f o r  xvhicli the s u r fa c e  
impedance i s  a lm o st  c o n s t a n t ,  sh o u ld  be due p r im a r i ly  to  th e  cu rv a tu r e  
o f  th e  g u id in g  s u r f a c e .
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On a uniform  p la n e  s h e e t  or a uniform  tube the eq u ip h a se  p la n es
f
o f ' th e  f i e l d  above th e  g u id in g  s u r fa c e  are  p a r a l l e l .  Curvature o f
th e  g u id in g  s u r fa c e  g iv e s  r i s e  to  d iv e r g e n c e  o f  th e  eq u ip h ase  p la n es
w ith  an outward f lo w  o f  energy p e r p e n d ic u la r  to  th e  g u id in g  s u r f a c e .
The doub le  cu rv a tu re  o f  an o g i v a l  radome o b v io u s ly  ca u ses  an in c r e a s e
in  th e  power d e n s i t y  v / i th in  th e  radome w a l l  as a gu ided  wave approaches
the radome t i p , ,  b u t  t h i s  sh o u ld  n o t  a f f e c t  the v a l i d i t y  o f  the
approxim ation  in  the r e g io n  o f  c o n s ta n t  s u r fa c e  impedance.
27Barlow and Brown d e r iv e d  an e x p r e s s io n  f o r  th e  a t t e n u a t io n  due 
to  r a d i a t i o n  from az im u th a l waves on r e a c t i v e  c y l i n d r i c a l  s u r f a c e s .
The f i e l d  components above the g u id in g  s u r fa c e  i n  c y l i n d r i c a l  p o la r  
c o o r d in a te s  p, <£, z o f  a TM wave  w i th  no f i e l d  v a r i a t i o n  in  th e  
z d i r e c t i o n  are
E
te2)(kP)
JVC, e x p ( “ j vd)) ■ 7— — ; r rJ  1  J  Y )  { p ( -a  +  J W £ ) }
(2)H2 = C]L exp ( -  jv<j>)lD (kp) > (3 -1 7 )
J
where k = -  jwy(cr + j w e ) , y ,  e and a are  the p e r m e a b i l i t y ,  
p e r m i t t i v i t y  and c o n d u c t i v i t y  o f  th e  medium above the g u id in g  s u r f a c e ,  
and i s  a c o n s ta n t .  The f i e l d  v a r i e s  as e x p ( -  jv<|>) f o r  a wave
t r a v e l l i n g  in  the +<j) d i r e c t i o n  and v i s  a complex number, v can be 
found by m atching f i e l d s  above and below  the g u id in g  s u r fa c e  and 
s o l v i n g  the r e s u l t i n g  e q u a t io n .
•P = re[ E’.H*] 
p 4> z
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The ra d ia l power dens ity
2 |C |2 (3-18)
™ e0 ps
pg i s  the  ra d iu s  o f  cu rv a tu re  o f  th e  c y l i n d e r ,  e = Eq th e  
p e r m i t t i v i t y  o f  a i r ,  v i s  assumed r e a l ,  which i s  a good approxima­
t i o n  fo r  sm a ll  a t t e n u a t i o n .  The s u r f a c e  impedance z ~ -  E ./H  a ts <J> z
p = p . I f ’ z  i s  known t h i s  g iv e s  a tr a n s c e n d e n ta l  e q u a t io n  in  vs s
w hich  i s  s o lv e d  u s in g  the L i o u v i l l e  ap proxim ations  fo r  ^v (x ) an<J
( x ) . The ap prox im ations  are v a l i d  in  the range x  -  j v | .
The az im uthal power o u t s i d e  th e  s u r fa c e  per  u n i t  l e n g t h  in  th e  
z d i r e c t i o n  i s
P = re  ( -  E H*)dp , 
<t> p z '
ps
1 . e .
VfCli2|Yv(X),2
P =   (3 -1 9 )
4> 2ua)eo ps
2 2 f ..2where x  = kQpg , kQ = to HqEq , u = (2 tt/ AQ) / (A q /A) -  1 .
Hence a = I In (1 + P / ? , ) •
P ¥
I f  a ,  th e  a t t e n u a t io n  c o e f f i c i e n t ,  i s  sm a ll  and 3 = 2ir/A
2ua =
2,2 T Y3ps(k0ps)
(3 -2 0 )
For the ta n g en t  o g iv e  used  in  th e  p r e s e n t  work, o f  g e n e r a t in g  ra d iu s  
60 cm, u s in g  th e  average  v a lu e  o f  A/Aq . f o r  th e  Eq  ^ mode a t  
Aq = 3 .2  cm, i t  was found th a t  a was n e g l i g i b l e .  The same 
t h e r e f o r e  a p p l i e s  to  th e  optimum s e c a n t  o g iv e  which has a la r g e r  
g e n e r a t in g  ra d iu s  and to  th e  cone which has an i n f i n i t e  g e n e r a t in g  
r a d i u s .
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t i p  o f  a radome e x p e r ie n c e s  v er y  l i t t l e  l o s s  and th e  t i p  o f  the  
radome r a d i a t e s  in  the f a s h io n  o f  a d i e l e c t r i c  rod a e r i a l  
( s e c t i o n  2 . 4 . 3 )  i t  f o l l o w s  th a t  a p la n e  wave i n c i d e n t  upon a radome 
la u n ch es  a x i a l  s u r fa c e  waves c h i e f l y  in  th e  t i p  r e g io n  o f  th e  radome 
and n o t  h ig h e r  up.
3 . 4 . 2 . 2  E xperim ents
A c o a x i a l  la u n ch er  f o r  E ^  a x i a l  waves on radomes was con­
s t r u c t e d .  The in n e r  con d uctor  o f  th e  c o a x i a l  l i n e  was p la c e d  in  
c o n ta c t  w ith  th e  t i p  o f  th e  radome and the o u te r  con d uctor  c o n ta c te d  
th e  radome a s h o r t  d i s t a n c e  above the t i p .  The radome and laun ch er  
axes were in  l i n e .  A s ta n d in g  wave p a t t e r n  was formed by p la c i n g  a 
l a r g e  m eta l  s h e e t  in  c o n t a c t  w i th  th e  b a se  o f  th e  radome. The 
w hole  apparatus was su p p o r ted ,  c l e a r  o f  su rrou n d in g  o b j e c t s ,  by 
t h r e a d s .
The f i e l d s  w ere measured by a ta p ered  w aveguide probe which was 
moved a lo n g  d i f f e r e n t  g e n e r a to r s  o f  the radome, c l o s e  to  th e  s u r f a c e .  
I t  was in te n d e d  to  deduce the a t t e n u a t i o n  o f  the s u r f a c e  wave from  
measurements o f  th e  VSWR a t  d i f f e r e n t  p o s i t i o n s  a lo n g  th e  g e n e r a to r .  
The ex p er im en t was thw arted  by th e  p r e se n c e  o f  a number o f  modes, in  
s p i t e  o f  c a r e f u l  c o n s t r u c t io n  and a lign m en t o f  th e  la u n ch er .  The 
p r e se n c e  o f  s e v e r a l  modes was ap parent from the v a r i a t i o n  in  s p a c in g  
o f  th e  minima and th e  d i f f e r e n t  p a t t e r n s  o b ta in e d  f o r  d i f f e r e n t  
g e n e r a t o r s .  The m u l t ip l e  modes were a t t r i b u t e d  to  asymmetry i n  the  
radomes, w hich can le a d  to  c o u p l in g  betw een th e  Eq >^ ^ h * ^ 2 1  * ’ ’ 
w a v es ,  as e x p la in e d  in  s e c t i o n  3 . 2 .
A secondary  a p p l i c a t io n  o f  t h i s  exp er im en t x-jould be to  measure  
th e  d i e l e c t r i c  c o n s ta n t  o f  th e  radome m a t e r i a l ,  b u t  t h i s  i s  a l s o  
dependent on s i n g l e  mode p r o p a g a t io n .  S in ce  one can e a s i l y
As an a x ia l surface wave propagating from the base towards the
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calculate ^ A q as a function of K for a tube of given dimensions 
measurement of A and Aq enables K to be found. The radomes 
used all had a cylindrical portion, so there would be no error due 
to taper. The advantage of this method is that it is unnecessary to 
cut a sample from the radome.
3.5 Calculation of aberration due to surface waves
3.5.1 Outline of method
It has been shown that the taper of the radome has only a
small effect on surface wave propagation, except near the radome
tip. Therefore, for the purpose of calculating the aberration due 
to surface waves the radome was assumed to be a loss free uniform 
tube in the vicinity of the aerial aperture. The assumption of loss 
free dielectric was made because of the difficulties caused by 
complex propagation constants in the calculation of the fields in 
the aperture, and in any case the loss tangent of the alumina used 
in constructing the radomes was believed to be very small (less 
than 10 8) .
Aberration was calculated for the m°4e since this was
the only member of the or &rouPs which was near
cut off in the frequency range of interest (A - 3.0 to 3.4 cm)
for the half wave alumina radomes used. It was thought that a
mode near cut off would have greater effect than a tightly bound
mode because more of.the energy is carried inside the tube. As
mentioned above, only the HE„ and EH., modes are launched by
J lm lm J
a plane wave incident axially on the radome, and because the 
aberration slope usually has its greatest value for.zero angle of 
look this region is of particular interest. The procedure used in 
calculating aberration was as follows:
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(1) The simultaneous equations (3-12) which resulted from the
matching of the field components at the tube surfaces, were solved to
give seven of the eight a and b coefficients in terms of then n
eighth. The eighth coefficient was then found in terms of the power 
carried by the surface wave.
(2) The field components in the aperture plane were expressed 
in cartesian form as a function of angle of look, and to these were 
added the field of a uniform plane wave incident on the aperture.
The direction of propagation of the latter was perpendicular to the 
aperture plane,
(3) The aberration was calculated as a function of angle of
look for an ideal amplitude sensing receiver. Aberration curves
were calculated for polarisation perpendicular to the plane of
offset and relative power of 1% in the surface wave. This was done
for Aq = 3.0 cm. The three steps are described in detail below.
3.5.2 Solution of the equations for the field components 
and power floxv calculation
The first task was to solve the characteristic equation (3-13)
and determine A/Aq for the appropriate values of Aq , dielectric
constant and tube radii. This was done using the programme BAT 14
mentioned above, for the wave at Aq = 3.0 cm.
Another programme, BAT 14B, was written by the author and
used to calculate the coefficients of the a and b terms inn n
equation (3-12). The basic flow diagram is shown in Fig.3,12. The 
correctness of the programme was verified by calculating the 
coefficients by hand for one set of data and checking that they 
agreed with the values determined by the computer.
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When equation (3-12) was examined carefully it became apparent
that the quantities an ]_» 5n2* 5n3 anc  ^ 5n4 are amasinary* -*-0 §et 
these in real form, and hence make the equation suitable for computer 
solution, it is necessary to set = jA^, = jB^ (A^ and B^
real) etc. The first seven equations of (3-12) were then each 
divided by b ^ so that seven equations in seven unknowns
A l/bn l ’ V bn l ’ a3/bn l ’ a4/bn l ’ V bnl> V bnl> V bnl Were 
obtained. These seven simultaneous equations were then solved.using
the standard Elliott 803 M2 computer programme for the solution of n
simultaneous linear equations in n unknowns.
The total power carried by the surface wave is the sum of the
powers P^, and P^, the subscripts referring‘to the inside of
the tube, the wall and the region outside the tube respectively.
|RP E x H*dS
region I
2tt a
(E H* - E, H* )pdpdcf> p, <j> A -
0  0 1  T 1 1  P 1
(3-21)
On substituting the expressions from equations (3-6).and (3-7), 
28following Gallett , w e  find, after performing the <j> integration,
p i  - 2k
1  6
2 2 2 *J,(k,p)
S“(ale0 ' bl U + .2"2~k xp .
2 2 J1 (ki P)
- j2a1b 1 (g + w u0e0 )j;(klP) — . pdp (3-22)
where 6 = 2tt/A.
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Using the relations
j f ( k  P)
J i (V >  + T T T -k lP
H Jq(k-jP) + J 2 (klP)] (3-23)
and
J-, (k .p )
Ji(V >  f i f - = itJ2 (klP) - J2 (klP)] (3-24)
and then using the integrals
I Ba„i (kz) + B2+1(lcz)]zdz = a B2 (lca) (l “ - f  2 
lc a
„ B '(ka)
+ (B’(ka)) + 2B (ka) -- ----n n ka
  (3-25)
and
a r-
B 1 (lcz) n-1 ' V i (kz) zdz =
2nB (ka) n (3-26)
where B denotes any Bessel function, we find that
Tra
4k,
U ^ a )  M e 0a2 -
. 2 2 
l a
e“ (e0 al  "  ^Ob5
- j2a1b 1 (B2 + w 2u0 £0 )
2 2 f 2 4-i(k -ja)
+ 8w(e0a1 - U()b ]L) |(J|(k1a)) + 2J1 (k1a) — ~ —
.... (3-27)
The power flow inside the walls of the tube, P^, is 
calculated in a similar fashion. The integration limits are p = a 
to p = b and the Bessel function of the second kind is present. 
This necessitates the use of two more relations:
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/  + B! $ ( kz)B^ i (kz)lzdz
a
= a B a ) (ka)B^2)(ka)fl - - j - T  + B P )  ' (ka)B<2) ' (ka) 
\ k a /
B ^  (lta)B<2) ' (ka) + B^1} ' (ka)B<2) (ka)
+       — .... —
ka (3-28)
and
[BP h k z ) B (2hkz)n~I n~1 ^ C k ^ O c z ^ z d z
2nB(*1') (ka)B (ka) n n
k
  (3-29)
where the superfixes (1) and (2) denote different types of Bessel 
functions.
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Using similar procedures P^ is found, the range of integration being 
p = b to 00.
2
P  =
3  n  2  
3
H2 (k3b) W ( e()a2 - pQb2)
—  [ea)(e0a2 - u0b2) - j2a b^g2 - Ay^)]
3
,  ,  f ,  HA<>sb>
+ 3io(EQ a4 - pQb 4) ( q ( k 3b)) + 2HQ (k3b) — j-g-.. (3-31)
where is the Hanlcel function of the first kind. Throughout the
calculation of P^, P^ and P^ the original notation an ^> h  ^ etc
has been replaced by a^, b^ etc.
Since the numerical values of a^, a^, etc. are all known
in terms of we have P^, P^ and P^ in terms of b^. We now
2let the power in the plane wave incident on the radome be S W/m',
and let the radius of the dish be r, metres. Since the aberrationd
is to be calculated for the case when 1% of the power incident on
the aperture is converted to the BE^2 surface wave we have
P -i- P + P 1 2 3 2—  ± ±  = 0 . OlSfrr^ . (3-32)
b i
The peak electric field in the incident wave, is given by
IE2
120? = S • <3"33)
Hence
P n + P 0 + P 0 O.Olirr^E21 2 3 __ d p  /n
■ — T l ------------- 240?----  • (3"34)
b l
Thus we have b., in terms of E and we can therefore find all the1 p
components of the surface wave field in terms of E .
P
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The aerial is offset at an angle of look ip with the radome 
axis. The plane of offset is the horizontal plane and the axis of 
rotation is the Y axis (Fig.3.13).
It is desired to determine the total fields in the aperture 
when a plane wave is incident upon the aperture normally (or nearly 
so) and the surface wave fields are also impressed on the aperture. 
The total vertical electric field is required as a function of
the cartesian aperture coordinates X and Y, and of the angle of 
look ip.
We convert,the cylindrical polar coordinates p, <j>, z to 
cartesian coordinates x, y, z as follows:-
3.5.3 Determination of the total field in the aperture
x = p cos
y = p s in
z « z ■ .
(3-35)
The aperture cartesian coordinates are, in terms of x, y, z
Hence
X = x cos ip ~ z sin ip
Z = z cos ip + x sin ip
Y = y .
X = p cos <p cos ip - z sin ip
Y = p sin <j>
Z = z cos ip + p cos <j> sin ip
(3-36)
(3-37)
We have, for the surface wave contribution to Ex
E^ = (Ep sin (j> + E^ cos <p) exp(j3X sin ip) . (3-38)
A p ^ r r u F & r
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last equation, and finally to obtain E^ as a function of X, Y
s
and ip we require the relations derived from the above equations:
c o t  <p =  j 7— ?— [—  p r  ( 3 - 3 9 )Y(cos ip + s m  ip tan ip)
The expressions for E^ and E^ given above are substituted in the
p  = ---------/ -----------------------------------------------  +  y 2 . (3-40)2(cos ip + sin ip tan ip)
A vertically polarised plane wave incident on the aperture
such that its direction of propagation makes a small angle 0 with
the aerial axis gives rise to a field in the aperture E where
P
Ey = Ep exp j sin e + (3-41)
where <j> is the relative phase of the plane wave and the surface 
wave at the centre of the aperture.
The total field E is therefore
y
EY " e y  * e y  * (3"42)s p
3.5.4 Calculation of aberration
A computer programme was written by one of the author's
colleagues (J.H. Blase) to calculate the aberration, given the total
aperture field in X, Y coordinates. The programme calculated the 
magnitude of the voltage V at the terminals of the aerial, as a 
function of 0, for 0 = 0 ,  ± | , ±§, and ±1 degrees, using the
equation (2-3). This gave an approximation to the value of 0 
which maximised jV|. An iterative method employing progressively 
smaller 0 intervals was then used to find the value of 0 which 
maximised | v | ,  to the nearest minute of arc. This value is the
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aberration. The whole procedure was carried out for ^ = 0 to 20 degrees 
in 2 degree steps, for relative phase a = 0 ,  tt/2 and 7T.
Unfortunately the results of these calculations as first
published in Ref.3 were incorrect as an error was made in deriving the
expression for P^. However, the shape of the curves is correct, and
only the ordinate scale is wrong in Ref,3, because only the relative
amplitude of the surface wave field in region I was wrong. Corrected
results are shown in Fig.3.14 for a wavelength of 3 cm, using
three different dish radii, 2.75, 3.0 and 3.25 inches. The inner
radius of the tube was 8.9 cm (3.5 inches) and the figure.shows the
great effect of small changes in the gap between the dish and the
tube. This is not surprising if one examines Fig.3.15 which shows
how the electric field E in the inside of the tube varies alongP
the diameter at <j> = tt/2 (the Y axis). It is worthy of note that
aerials are usually designed with an amplitude taper or weighting
2function (e.g. 1 - (r/r^) where r^ is the aerial radius) in
order to reduce side lobe amplitude, and this weighting tends to 
counteract the surface wave amplitude variation, which.is in the 
opposite sense. This means that conventional aerials inside loss free 
tubes or radomes would be rather inefficient launchers of surface 
waves.
From the radome designer’s point of view, Fig.3.14 suggests 
that if the radome diameter, dielectric constant and wall thickness 
are such that a surface wave mode which is near cut off is able to 
propagate, it should be possible to obtain a reduction in surface 
wave aberration by reducing the aerial diameter, thereby increasing 
the gap, at the expense of a small decrease in aerial gain and an 
increase in beamwidth.
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It was found that when the relative phase between.the surface 
wave and the main wave is tt/2 or 3ir/2 the aberration is zero, if 
it is tt the slope at 6^ = 0 is negative, and if it is zero this 
slope is positive. These results are in accord with the perturbing 
plane wave theory, which is not unexpected as the transverse 
electric field lines of the surface wave in region I resemble 
somewhat those of the Ii^ mode in circular waveguide, i.e. there 
are no reversals of field direction and the field is approximately 
an inhomogeneous plane wave.
Let us consider the effect of E/Aq on the aberration due to 
surface waves. Since axial surface waves are launched mainly in the 
region of the tip, if the size of a radome of given shape, wall 
thickness and dielectric constant is increased and Aq . is unchanged 
then the power converted to surface waves, P^ + + P^, is
unchanged. However the power directly incident on the aperture is
increased by the square of the scaling factor. In addition it is
known that k^ increases as the tube diameter increases (for a 
given mode, wall thickness and A^). Hence P^, the surface wave 
power in region I at the aperture plane, is smaller and
P1 ^ P 1 + P 2 + P 3^ Xs a1-SO seller.
It follows that the aberration due to surface waves decreases 
2more rapidly than 1/D , the other relevant factors being constant. 
Further, due to the monotonic increase in field amplitude with
radial distance and to the tapered illumination of the aerial, the
surface wave field produces less effect in a larger aerial.
3.6 Experiments to detect surface wave aberx*ation
3.6.1 Thickening the radome wall in the vicinity of the aerial 
An experiment was devised to determine whether or not surface 
waves were producing appreciable aberration in a tangent ogive alumina
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radome. Fig.3.16 shows the effect of variation of wall.thickness of
when the wall thickness is such that the mode is near cut off and the 
free space wavelength and inner radius are constant. The ratio of 
guide wavelength to free space wavelength was calculated using the 
programme BAT 14 mentioned above and is plotted as a function of A 
the increase in wall thickness, where the basic wall thickness is 
0.579 cm. It is seen that ^ A q changes rapidly with A, so the 
field intensity inside the radome will also be sensitive to small 
changes in A . This follows because the transverse propagation 
constant in region I is given by
so if Aq A  ~ 1, k^ varies rapidly with ^q A .
In this experiment the radome wall was made thicker in the
vicinity of the aerial, the object being to modify the aberration 
caused by the surface wave without affecting the aberration due to 
other causes. It was not practicable to use alumina to obtain the 
desired increase in wall thickness as this would have necessitated 
the construction of another radome. A simpler alternative was used, 
consisting of a layer of polytetrafluoroethylene (PTFE) tape. PTFE
is a low loss dielectric, of dielectric constant about 2.5. To
simulate a 0.01 cm increase in thickness of alumina it is necessary 
to use a layer of PTFE of thickness 0.01 /8.7/2.5 = 0.018 cm, 
because electrical thickness is proportional to the square root of 
the dielectric constant. This layer increases the magnitude of 
lt^  by 50%. This choice of layer thickness was based on a com- 
piromise between obtaining a reasonable increase in k^ and avoiding 
a large perturbing effect.
/an^ alumina tube on the guide wavelength of the ^ ^ 2  sutface wave
k
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The tape was wound round the radome, starting 2 cm in front of
it, sufficient layers being used to provide the desired thickness.
without.the tape and using plane polarisation perpendicular to the 
plane of offset. No significant change in aberration was detected, 
the difference between the two curves being equivalent to the 
reproducibility of the aberration measurements.
This result shows that either the surface wave power is very 
small or that the wave is in quadrature with the main wave trans­
mitted through the radome.
3.6.2 •Variation of aberration with frequency 
The aberration of the tangent ogive was measured at 25 MHz 
intervals in the frequency range 9.85 to 10.1 GHz, using the 
rotating scan aerial, for plane polarisation parallel to the plane 
of offset. The object of this was to try to detect changes in 
aberration which were expected in the region of the cut off of the 
H E ^  surface wave, since k^ varies rapidly with frequency 
(equation (3-43)) when 4/AQ - 1.
It was found that the aberration curves were highly 
asymmetrical except at frequencies between 9.95 and 10.05 GHz. In 
Fig.3.17 the quantity which is a measure of the asymmetry of
an aberration curve, is plotted against frequency. We define 
by the relation
the aerial aperture plane and continuing for the same distance behind
Aberration curves were then measured, with X^ ~ 3 cm, with and
lAJ  IarJ (3-44)
'2
and A^ are the peak values of aberration for negative and
positive look angles respectively. It is seen that is zero
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at 9.975 and 10.025 GHz and is small between 9.95 and 10.05 GHz. It 
will be recalled that in section 3.3.2 it was shown that asymmetry 
in aberration curves measured with a practical split beam aerial 
system may be caused by a perturbing wave travelling axially along 
the radome. It therefore seems likely that some form of axially 
travelling wave, which is not necessarily a surface wave (from the 
previous experiment), is present which is approximately in phase 
quadrature with the main wave transmitted through the radome wall 
in the frequency range 9.95 to 10.05 GHz and which has some other 
phase at frequencies just outside this range, a^ would also be 
zero if the perturbing wave had zero amplitude, but it seems 
improbable that the amplitude would drop rapidly in this narrow 
frequency range. On the other hand a rapid variation of relative 
phase with frequency is plausible because the relative phase 
depends on the difference between long, unequal path lengths.
Experiments which will be described in Chapter 4 show that 
the axial wave is not a surface wave but consists of leaky wave and 
radiation field contributions from the source created by scattering 
at the radome tip.
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CHAPTER 4 ~ AERIAL-RADOME INTERACTION AND 
SCATTERING BY THE RADOME TIP - - •
4.1 Interaction between an aerial and a plane dielectric sheet
4.1.1 Theory ->-r
If one considers either a receiving aerial or a transmitting
aerial inside a radome one is led to suspect that interaction
(multiple scattering) takes place between the aerial and the
radome, modifying the x*adiation pattern predicted by the insertion
diffraction theory.
Taking a transmitting aerial first, regarding the radiation
31as an angular spectrum of plane waves , it is apparent that some 
modification of the radiation pattern must occur when the aerial is 
placed inside a radome, because no practical radome can have a 
reflection coefficient of zero and the same insertion phase delay 
for all the waves in the spectrum. Since the reflection coefficient 
is finite for some of the component waves in the spectrum some 
radiation is reflected into the aperture and then scattered by the 
aerial. The scattered radiation is again partially reflected by 
the radome. In short, we have multiple scattering between the 
aerial and the radome. It follows that the radiation pattern (and 
the aberration) predicted by the insertion diffraction theory 
would be perturbed by this effect since multiple scattering is 
ignored in the theory.
In the case of a receiving aerial, in free space it scatters 
a high proportion of the incident power when a plane wave is 
incident upon it, even wlien perfectly matched. The scattered 
radiation can also be regarded as an angular spectrum of plane 
waves, usually different from that which exists when the aerial is 
transmitting. (In general the scatter pattern of an aerial depends
on the direction of arrival and polarisation of the incident plane 
wave, but for the present purpose we are concerned with axially 
incident plane waves with polarisation corresponding to that of the 
aerial.) Again multiple scattering takes place, making the aperture 
fields different from the values calculated by insertion diffraction 
theory. Hence, in general, the radiation pattern of the aerial is 
modified and aberration results.
In order to gain a better understanding of the interaction 
between an aerial and a dielectric structure and to develop a method 
of calculating the magnitude of the aberration caused the interac­
tion between an aerial and a plane uniform dielectric sheet of 
infinite extent was studied. The plane sheet is the simplest form 
of dielectric structure which can give useful results in this 
context.
An approximate method was devised for calculating the 
aberration caused by reflections from a plane sheet when it is 
placed in front of an aerial. Consider a receiving aerial (e.g. a 
rotating scan or nutating scan aerial) with a plane wave incident 
axially from a remote transmitter and a dielectric sheet placed in 
front of it (Fig.4.1). The plane of the sheet is vertical and the 
aerial axis is in the horizontal plane. The incident wave is 
vertically polarised and the sheet is inclined at an angle a to 
the aerial axis. The scattered radiation in the horizontal plane 
containing the aerial axis is represented by an angular spectrum 
of rays. Fig.4.1 shows that only rays leaving the aerial in the 
angular range 0^ to 0^* near the normal to the sheet, are 
reflected back to the aperture. As the separation of the aerial 
and the sheet increases the angular range of the rays reflected 
into the aperture decreases.
70
/F16.4-.1 I N T E R A C T I O N  o f  S C A T T E R E D  R A D I A T I O N  w i t h  D I E L E
S H E E T
I
71
//
reflected into the aperture can he approximated by a plane wave, the 
field strength of which can be determined by finding the mean value 
of scattered field strength (relative to that of the incident plane 
wave) in the range 0^ to 0^ from the measured H plane scatter 
pattern of the aerial. The relative strength of the scattered field 
had been measured on an arc of known radius so the amplitude at any 
other radius in the far field could be determined using the inverse 
square relation between intensity and radial distance.
The strength of the scattered field at the sheet was then 
multiplied by the reflection coefficient of the sheet. Second and 
higher order scattering from the aerial and the sheet was neglected 
as the reflection coefficient of the sheet used in the experiments 
was small.
The magnitude of the aberration, 0, produced was then
calculated using the perturbing plane wave theory. Equation (2-15)
11 . .becomes , for the 6 inch diameter conical scan paraboloid used m
the exp e r imen t s .
24X0 A cos <f> J~(u)
0 = ----------- ---cos ip — r—  (4-1)i r ,  r 2d u
2assuming an aperture illumination law of the form 1 - (r/r^) 
where r^ is the aerial dish radius \p is the angle of arrival of 
the perturbing wave and
u « sin ip . (4-2)
It is clear that if the aerial in Fig.4.1 is displaced along 
its own axis the relative phase of the perturbing wave, <f>p> will
For moderately large separation of sheet and aerial the rays
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vary and produce a sinusoidal variation of aberration with position 
off period Xq / (2 sin a). The positive maxima of aberration occurs 
when cos <j> = 1 and the negative maxima when cos = -1 in 
equation (4-1).
The validity of the assumption that the energy reflected from 
the sheet into the aperture can be treated as a plane wave depends 
on both the accuracy of the ray approximation and on the path 
length variation among the rays in the bundle which return to the 
aperture. Let us examine the path length variation first.
When an observer is in the far field of the scatter pattern 
the radiation appears to emanate from a point source (the phase 
centre of the aerial). This point source has an image in the 
sheet which is the virtual source of the spherical wave reflected 
back to the aerial. In order to calculate the maximum separation 
of sheet and aerial for which a plane wave is a reasonable approxi­
mation to the actual spherical wave we consider the worst case, 
which for a given separation of sheet and aerial occurs when the 
plane of the sheet is perpendicular to the aerial axis. In this 
case the maximum area of wavefront is intercepted by.the aerial so 
the maximum discrepancy exists between the spherical wave and the 
plane wave. Fig.4.2 sho\?s that the accuracy of the plane wave 
approximation, for given values of R, r^ and Aq depends on 
h, the maximum path difference between the two wavefronts. It is 
clear that, for uniform plane and spherical waves, if h is very 
small compared with the wavelength the aperture fields due to the 
two wavefronts will be very similar. As ^ A q increases the 
fields at the centre of the aperture become increasingly unequal, 
and as ^ A q reaches 1/4 the plane wave field at the centre of
A-&R/A& ApmrVRgy
\
— — /
pLAwer m v & r £ m r
SotrgCB o F ^ / c / 3 4  A / A m
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the aperture field will be zero when the spherical wave field is at 
a positive or negative maximum. If h = A^/2 the plane wave and 
spherical wave fields will be in antiphase at the centre of the 
aperture. It therefore seems reasonable to expect the plane wave 
approximation to be quite inadequate if > 1/4. In Fig.4.2 we
have
(R - h)2 + r2 = R2 (4-3)
therefore
Since h <  r^
h2 + r2
R -  — A
2
R ~ 2 h
If the maximum value of h is to be X /4 we finally obtain.for
R . , the minimum value of R for which we can justify the m m  J J
plane wave approximation
2r2
\ i n  “ x f  ■ (4-5)
Since R . is the distance of the virtual source the m m
minimum distance from the phase centre of the aerial to the sheet is
R . /2, i.e. r2/Xn . m m  * d 0
The second factor which affects the validity of the approxi­
mate theory used in calculating the aberration due to scattering is 
the use of the bundle of rays to represent the scattered radiation. 
As mentioned above, the rays are weighted in amplitude according to 
the far field scatter pattern (measured 6 feet from the aerial) .
The difficulty lies in deciding how close to the aerial an 
observer can approach without noticing an appreciable variation in
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the shape of the scatter pattern. The scatter pattern and polar 
diagram of the aerial are shown in Fig.4.3. It can be seen that the 
3 dB beamwidth of the former is 10 degrees while that of the polar 
diagram is 13 degrees. Also the side lobe level of the scatter 
pattern is appreciably above that of the polar diagram. It is 
thought that in the scattering by the aerial of an axially incident 
plane wave multiple scattering takes place between feed and 
reflector, but a simplified view is that two basic mechanisms are 
involved:
(1) The reflector focuses radiation towards the feed which 
then scatters some of this radiation as well as accepting some.
The scatter pattern is probably roughly isotropic. ' Some of this 
scattered radiation illuminates the reflector giving a relatively 
narrow main lobe and a high side lobe level compared with the polar 
diagram.
(2) Some radiation in the incident wave is scattered 
directly by the feed without reaching the reflector (the aperture 
blocking effect).
In addition if the transmission line feeding the aerial is 
mismatched a reflected wave is set up and re-radiation occurs, 
following the normal aerial theory.
It seems reasonable to expect that the scattering by 
mechanism (1) is far more important than that due to the second 
cause, simply on the basis of the relative areas of wavefront 
intercepted by the dish and by the feed. Re-radiation due to mis­
match is of minor significance.
The shape of the main lobe of the scatter pattern suggests 
that the aperture is uniformly illuminated by energy scattered by
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the feed. On the other hand the first side lobe level is only 11 dB
5
b e l o w  the main lobe maximum, whereas theory indicates that the first 
side lobe of a uniformly illuminated circular aperture is 17.6 dB 
below the main lobe. This difference may be due.to the displacement 
of the feed from the axis or to other non-uniformity in the illumina­
tion, but it seems likely that the usual value quoted for the
2boundary of the Fraunhofer region, 8r^/A^, may not be applicable 
here, especially for the scattered radiation outside the. main lobe.
4.1.2 Experiments
The experimental work was carried out using the aberration 
measuring equipment described in the appendix, with the 15 cm 
diameter rotating scan receiving aerial; A Perspex sheet 1.2 m  by 
1 m and 0.793 cm thick was mounted vertically in front of the 
receiving aerial at an angle a to the axis (Fig.4.4). The aerial 
was moved along its own axis and the aberration measured as a 
function of position. The wavelength used was 3.2 cm. The results 
for two different values of a, 61 and 67 degrees, are shown in 
Figs.4.5 and 4.6,
To ensure that there were no errors due to diffraction at the 
edge of the sheet the measurements were repeated with the sheet 
displaced ^q/2 i-n its own plane. When these were compared with 
the original results the difference was found to be negligible. The 
sheet was also tested for uniformity by turning it through 
180 degrees about an axis perpendicular to the plane of the sheet, 
and again repeating the measurements. The result of this was also 
satisfactory.
It is standard practice in the measurement of aberration 
curves for radomes to measure the aberration curve first in the
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absence of the radome, so that intrinsic errors due to such causes
/
as reflections from surrounding objects can be detected. This w a s • 
done in the present experiment and it was found that the aberration 
in the absence of the sheet varied much more slowly and irregularly 
than that due to the sheet and with approximately one third the 
amplitude. The curves in Figs.4.5 and 4.6 were arrived at by sub­
tracting the ’no sheet’ curves from the 'with sheet' curves in an 
attempt to reduce the irregularities produced by spurious effects.
When the sheet was rotated, reducing the angle a so that 
the interaction of the scattered radiation at larger angles to the 
axis could be studied, it was found that scattering by the edge of 
the sheet had a severe effect, and this masked the interaction 
effect. A much larger sheet would be needed to achieve this aim.
4.1.3 Discussion
It is seen that the agreement between the calculated and
measured magnitude of aberration, and also the period of the curves,
in Figs.4.5 and 4.6 improves as the separation of the aerial and
the sheet increases. This is as expected. The separation of feed
and sheet is d sin a, and the experimental results are in good
agreement with theory for d > ^  Pkase centre °£ the
scattered radiation is at the centre of the reflector the phase
centre is about six wavelengths from the sheet, since the feed is
three wavelengths from the reflector centre. This figure is in
2good agreement with the calculated value of which, for the
15 cm diameter reflector used, is also very nearly six wavelengths. 
The results confirm that reflection effects give rise to aberra­
tion. It also appears that the far field scatter pattern is 
reasonably well maintained for distances substantially less than
the standard 8r,/A„ at least for scattered radiation outside the d 0
main lobe.
4*1*4 Application to radomes
A brief attempt was made to apply the above method of calcula­
ting the aberration due to multiple scattering to the small radomes 
used in this programme. Tracing scattered rays showed that only 
rays back scattered from the tip region or rays travelling almost 
parallel to the aperture plane can be reflected into the aperture 
for the range of angles of look of interest.
In investigating the back scattering from the nose, measure­
ments were made of the magnitude of the reflected wave set up when 
the conical radome was placed over a well matched transmitting 
•horn. These showed that the reflection from the tip would cause 
maximum aberration of only 5 minutes of arc, approximately. The 
perturbing plane wave theory was used in calculating the aberra­
tion. This magnitude of aberration was thought to be small 
enough for the multiple scattering between the aerial and .the front 
part of the radome to be considered of secondary importance, for 
the small radomes used in this work.
It is not possible to use the theory employed in the plane 
sheet work to calculate the aberration caused by the scattered 
radiation propagating at large angles to the aerial axis. The 
radome wall is only 0.5 inch from the edge of the reflector and the 
method is therefore not applicable.
However, the method was successfully employed to explain the 
result of the experiment, performed by Shutt, which was descaribed 
in section 3.3.2. It will be recalled that the peak to peak 
aberration for a 6 inch diameter aerial inside a large, fibre.glass,
77
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conical radome was measured as a function of the axial position of 
the-' aerial. It was found that the peak to peak aberration varied 
periodically with a period of about one wavelength, and this varia­
tion was superimposed on a longer period variation. The latter was 
accounted for in terms of an axially guided wave propagating on the 
radome, while the shorter* period variation was shown to be due to 
reflections between the aerial and the radome as follows. It was 
assumed that the wall of the radome behaves in a similar manner to 
a plane sheet. This is reasonable as the scattered radiation in 
only a limited angular range, mainly near the plane of offset, is 
involved. It has been shown that the reflections from a plane 
sheet cause a periodic variation in aberration as the aerial is 
moved along its own axis towards the sheet, the period being 
Aq/(2 sin a) or X /(2 cos i) where i is the angle of incidence 
on the sheet. For the conical radome the angle of incidence in the 
plane of offset for the side of the radome towards which the aerial 
is turned, is given by
i = ~  - (6 + e ) (4-6)2 L c
where 6 is the semi-angle of the cone and 0 is the angle of C Li
look. The cone semi-angle was 18| degrees and since the peak value 
of aberration occurred at 0^ - 10 degrees the period should be 
Aq /(2 cos 612 degrees), i.e. very nearly one wavelength. Also when 
the magnitude of the aberration due to reflections was calculated 
using the method developed for the plane sheet it was found to be 
in good agreement with the experimental result.
As both the calculated amplitude and period of the aberration 
agreed with the experimental results this lends strong support to
responsible for the shorter period variation in aberration;/
4.2 The aberration due to interaction in radomes
4.2.1 Method
Since the method of calculating aberration used in the plane 
sheet work was not applicable to the radomes of interest an indirect 
method was tried. The amplitude and phase of the field.inside an 
empty radome, upon which a plane wave was incident, were measured at 
the plane normally occupied by the aperture of the aerial. Aberra­
tion was then calculated from these measured fields and the resulting 
aberration curves were compared with those measured on the aberration 
measuring equipment. In general the two curves were dissimilar and 
the difference was tentatively attributed to aerial-radome 
interaction.
In the measurement of the aperture plane fields the radome
under test was mounted in exactly the same way as it was on the
aberration measuring equipment. Absorbing material was placed
behind the radome to prevent radiation scattered from this region
from reaching the aperture plane, and the fields were measured by
means of a small dipole probe with director and.reflector. The fields
were measured across the centre of the aperture, and on chords at
heights of ±r,/2, where r, is the aperture radius, for angles of d d
look in the -20 degrees to +20 degrees range in 2 degree steps.
The aberration was calculated using a computer programme to 
evaluate equation (2-7), the expression for the aberration detected 
by an ideal receiver. This expression is a simplification of the 
more general form, equation (2-6), and is obtained by assuming that 
the field amplitude gradient in a direction normal to the aperture
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the view that reflections between the aerial and the radome were
8 0
is zero.. It is not possible to measure the amplitude gradient (see 
section 4.2.3). It was mentioned in Chapter 2 that aberration curves 
calculated by this method were in good agreement with aberration 
curves measured for a half wave wedge radome and a conical radome 
using a 10 inch diameter rotating scan aerial with a peak sampling 
phase sensitive detector. A further experiment using a 6 inch 
diameter aerial in the same conical radome showed good agreement 
between the measured curve and the curve calculated from the 
measured fields.
From these results it appears that the procedure for calcula­
ting aberration from known aperture fields is sound. It was 
reasoned that if this is so, any perturbation of the aperture 
fields caused by reflection of energy scattered from the aerial 
would show up as a divergence between the aberration curve calculated 
from measured fields and the measured aberration curve. It was 
realised that there is at least one flaw in this approach. If an 
axially propagating wave exists on the radome the amplitude gradient 
is not zero so the measured fields curves (henceforth abbreviated to 
MF curves) would not agree in general with the measured curves, even 
in the absence of reflections.
Aberration was calculated from measured fields for three 
different shaped radomes, the cone, tangent ogive and optimum secant 
ogive described in Chapter 1. Two 6 inch diameter aerials were used 
in measuring aberration, a rotating scan (CS3) and a nutating scan 
(NH2). These were positioned with the aperture plane at the junction 
between the cylindrical and tapered portions of the radome. A peak 
sampling detector was used so that aerial polarisation differences 
were minimal.
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The results are shown in Figs.4.7 to 4.21. Plane.polarisation
either perpendicular or parallel to the plane of offset was used.
In addition to the in-plane aberration curves calculated from
measured fields and those measured directly on the aberration
measuring equipment, the in-plane aberration curves calculated using
insertion diffraction theory are shown. These were obtained by the
method described in section 2.3, assuming an ideal receiver with 
2 21 - r /r, illumination, d
For the tangent ogive and the optimum secant ogive the aberra­
tion curves were also measured with a special aerial designed by 
Shutt, which he loosely called a 'non-reflecting' aerial. This 
aerial has the very useful property of scattering only a small 
proportion of the radiation intercepted when a plane wave is 
incident axially upon it. The principle of operation can be 
understood with the aid of Fig.4.22. A wire grid is placed ^q /4 
in front of a parabolic reflector, the wires lying at 45° to the 
incident polarisation. The incident wave can be resolved into 
components perpendicular and parallel to the grid. The former is 
unaffected by the grid, and after reflection at the dish its 
phase on returning through the grid is 2tt behind that of the 
incident wave at the grid. The parallel component, however, is 
totally reflected at the grid so its phase is changed by tt. On 
recombining the two components it is evident that the polarisation 
of the reflected radiation is turned through 90 degrees with 
respect to the incident polarisation. A feed is placed at the focus 
of the reflector, its polarisation being matched to that of the 
focused radiation, i.e. at 90 degrees to the incident wave. Any of 
the focused radiation which is not accepted by the feed should be 
absorbed by the resistive cards placed in front of the feed. The
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cards do not absorb the incident radiation as it is polarised perpen­
dicular to the plane of the cards. .The principle is obviously only 
applicable to a nutating feed. The cards and grid were mounted in a 
light, low loss dielectric foam holder which could be attached to 
the reflector. The H plane polar diagram and scatter pattern of 
the aerial, together with those of the ordinary NH2 nutating scan 
aerial, are shown in Figs,4.23 and 4.24. It can be seen that the 
non-reflecting (NR) aerial reduces the scattered radiation by a 
substantial amount. It was not possible to measure aberration curves 
for the cone with this aerial since the clearance between the aerial 
and the radome was inadequate.
4.2.2 Discussion of results
4.2.2.1 Tangent ogive 
Fig.4.7, Aq = 3.0 cm, parallel polarisation. The ID and MF 
curves agree quite closely up to 10 degrees angle of look and if the 
two halves of the MF curve are averaged the agreement is good to 
15 degrees. The NR aerial gives much better agreement with the MF 
curve than does the NH2 aerial, suggesting that interaction between 
the NH2 aerial and the radome is severe.
Fig.4.8, Aq = 3.2 cm, parallel polarisation. Neither
measured curve shows much correlation with the MF curve. Since the
ID and MF curves are of opposite signs through almost the whole
range of look angles, it appears that some perturbation, such as an 
axial wave, is present which contributes more aberration than 
insertion phase effects.
Fig.4.9, Aq = 3.4 cm, parallel polarisation. The NR aerial
gives better agreement with the MF curve, the NH2 aerial agrees 
better with ID theory. These results may both be fortuitous (see 
section 4.2,2.4).
I ! I METAL DISH WITH OFFSET
DIPOLE FEED j
- — LOW REFLECTION AERIAL 
WITH SAME FEED 
(SPLIT IN H PLANE)
ANGIE (DEGREES)
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Fig.4.10, Aq = 3.0 cm, perpendicular polarisation. The ID
and NR curves coincide over the central region. The MF curve is so 
distorted in the central region that it seems unlikely that inter­
action alone is responsible for the difference between MF and NH2 
curves and that some other perturbation is present.
Fig.4.11, Aq = 3.2 cm, perpendicular polarisation. There is
a striking improvement in the agreement between the measured and 
MF curves when the NR aerial is used. It was noticed for the other 
polarisation that the ID and MF curves are of opposite sign, and 
they are also of opposite sign for this polarisation.
Fig.4.12, Aq = 3.4 cm, perpendicular polarisation. This is
the only case where the difference between the MF and measured 
curves is greater for the NR aerial than for the NH2 aerial. It 
suggests that interaction is of minor importance in this.case.
There is also a gross divergence between the MF and ID curves, 
suggesting large perturbing field or unreliability of the ID theory.
4*2.2.2 Optimum secant ogive 
Fig.4.13, Aq = 3.0 cm, parallel polarisation. Agreement 
between the MF and both measured curves is good as far as measure­
ment is possible (due to the limited range of the aberration 
measuring equipment). It appears that interaction may be of little 
relative importance, while the wide divergence between ID and MF 
curves could be caus.ed by an axially propagating wave. The latter 
contributes as much aberration as do insertion phase effects.
Fig.4.14, Aq ,= 3.2 cm, parallel polarisation. This result 
is difficult to interpret as the aberration is fairly small, and 
the differences between various curves could as well be due to 
tolerances in radome construction and measurement errors as to 
interaction or axial waves.
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Fig.4.15, Aq = 3.4 cm, parallel polarisation. Interaction 
does not seem to be significant here as the MF and both measured 
curves,show similar features. The ID curve differs substantially 
from the others, again suggesting that an axial wave is present 
which contributes as much aberration as insertion phase effects.
Fig.4.16, Aq = 3.0 cm, perpendicular polarisation. The 
various curves differ so greatly and the asymmetry is so marked 
that it is difficult to reach any conclusion. However, all the 
curves except the ID curve show negative central slope, suggesting 
that a severe perturbation is present.
Fig.4.17, Aq = 3.2 cm, perpendicular polarisation. The
effect of interaction appears to have been reduced by the use of 
the NR aerial. It is also noticeable at this wavelength that the 
ID and MF curves have slopes of opposite sign over much of the 
angular range. The results again suggest the presence of an 
axial wave which gives aberration roughly equal in magnitude to 
that calculated by ID theory.
Fig.4.18, Aq = 3.4 cm, perpendicular polarisation. Again
no improvement is brought about by using the NR aerial at this 
wavelength. The MF and ID curves differ completely, suggesting a 
major perturbation such as an axially guided wave.
4.2.2,3 Cone
Fig.4.19, Aq -.=- 3.0 cm, perpendicular polarisation. The MF
and measured curves are in good agreement for the range -8 degrees 
to +8 degrees. Interaction does not seem to have much effect here. 
The poor agreement between ID and MF slopes for 0^ = 10 to 
20 degrees is attributed partly to the high incidence angles and 
the fact that this is not the design frequency.
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and ID curves are very similar, indicating that the only minor 
perturbations in the form of tolerances, axial waves, etc. are 
present, and the difference between measured and MF curves is due 
chiefly to interaction. It is noticeable that the latter is 
appreciable for angles of look near zero and for those greater 
than 12 degrees.
Fig.4.21, Aq = 3.4 cm, perpendicular polarisation. There is
again only a small difference between the measured and the MF curves, 
which is consistent with most of the other results at this wave­
length in showing little effect due to interaction. There appears 
to be an axial wave of phase such that it reduces the aberration to 
a value below that calculated by ID theory.
4.2.2.4 General comments
When Aq = 3.4 cm interaction appears to be small in every
case except Fig.4.9. The other four results at 3.4 cm support the
hypothesis (section 4.1.4) that interaction is predominantly due to 
the wide angle scattered radiation incident on the radome near 
normal incidence. Fig.4.25 shows the power transmission coefficient 
versus wavelength at normal incidence for half wavesheets of 
dielectric constants 4.0, 9.0 and 2.5 designed for 70 degrees 
incidence angle and wavelength of 3.2 cm. The graph shows that for 
the high dielectric constant the reflection coefficient is very 
small (which minimises interaction) at.3.4 cm wavelength. The 
dielectric constant of the radomes, 8.7, is sufficiently close to 
the value shown in the graph,9.0, not to affect the conclusions. 
These are that radiation scattered at wide angles is more important 
than radiation scattered near the axis of the aerial in causing
Fig.4.20, Aq “ 3.2 cm, perpendicular polarisation. The MF
F I G . 4 . 2 5  P O W E R  R E F L E C T I O N  C O E F F I C I E N T  
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aberration, and that interaction is not so significant at 
frequencies below the centre frequency as at higher frequencies.
The results at 3.2 and 3.0 cm show that in those cases where 
interaction is clearly present (because of the improved agreement 
between the MF curves and the measured curves when the NR aerial 
is used) the aberration caused is greater at the shorter wavelength. 
For example in Figs.4.7 and 4.10, the results for the tangent ogive 
at 3.0 cm, the maximum difference between the measured and MF 
curves is about 35 minutes while for the same radome at 3.2 cm it 
is about two thirds as much. Since the amplitude reflection 
coefficient at normal incidence for 3.2 cm is about half as great 
as that for 3.0 cm this is roughly the order of change in aberra­
tion that one would expect.
The result as a whole show that radiation scattered by the 
aerial and reflected by the radome into the aperture is an important 
source of aberration especially at mid band and higher frequencies.
The mid band case is of most practical importance because the radome 
would probably only be required to work over a small bandwidth 
(typically about 3%) and here interaction causes aberration of 
similar magnitude to that due to variation of phase delay (ID theory).
From the results obtained it is not possible to say that any 
one of the three radome shapes used is clearly superior to the others 
in reducing the aberration due to interaction. All three shapes show 
large aberrations due to the effeGt. The tangent ogive is inferior 
to the optimum secant ogive for parallel polarisation and the cone is 
better than the ogives for perpendicular polarisation. High aberra­
tion slopes can be caused, although in some cases the effect is 
slightly beneficial to the overall performance (Figs.4.10, 4.12,
4.14, 4.18, 4.19).
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4.3 Errors due to axially propagating waves in the aberration
calculated from measured fields
4.3.1 Theory
The validity of the procedure of attributing to interaction
the difference between the MF and the measured aberration curves
is obviously limited by the accuracy of the calculation of the MF
curve. As mentioned above, a possible■source of error is an
axially propagating wave. There is strong evidence showing that
axially propagating waves are often present on radomes. The
experiments described- in section 3.3.2 showed that an axial
surface wave was present on a lossy conical radome, and the theory
and experiments in section 3.6 showed that an axial wave, not
necessarily a surface wave, was propagating on the ceramic tangent
29ogive at Aq = 3.0 cm.' Tricoles examined the radiation pattern 
of a horn inside a- wedge shaped radome and obtained improved 
agreement between measured and calculated patterns when the field 
of a cylindrical wave from the vertex was included in the calcula­
tion. It was found empirically that the amplitude of the wave was 
an order lower than that of the main wave. A 60 degree Perspex
wedge, 10 inches long and half wave at X band was used.
30 .Tricoles also used this approach for.a small axially symmetric
radome with an aerial diameter of five wavelengths. Adding the
field due to a spherical wave, in antiphase with the main wave and
of amplitude 0.07, improved the agreement between ray tracing
theory and experiment.
It was shown qualitatively in Chapter 2 that the application
of ray tracing to the radome tip, including diffracted rays from
the vertices, suggests that radiation is scattered by the tip into
the aerial aperture. Another line of reasoning gives a similar
r e su lt .  The main body o f  the radome is  in e f f e c t  a transparent sheet 
with only small va r ia t io n s  in  phase s h i f t  over i t s  surface, but in  
the t ip  reg ion  the s ca t te r in g  is  much more complex. I t  is  known that 
energy is  extrac ted  from the in c id en t wave and guided up the radome as 
surface waves, most o f  which have no d ir e c t  e f f e c t  in  producing 
aberrat ion . Also i t  seems l i k e l y  that there is  some backsca tter ing . 
There fore  the t ip  acts as r e l a t i v e l y  opaque small por t ion  o f  an other­
wise transparent sheet. I t  is  thought that the sca ttered  rad ia t ion  
from the t ip  can be described q u a l i t a t i v e ly  in  terms o f  a m u ltipo le  
source (d ip o le ,  quadrupole e t c . ) ,  the magnitude o f  the various compo­
nents depending on angle o f  look, wavelength, shape and d i e l e c t r i c  
constant. The d i f f i c u l t y  o f  s o lv in g  the sca tte r in g  problem, which 
would quan tify  the components o f  the m u ltipo le  source, has been d is ­
cussed in  Chapter 2.
Some o f  the ra d ia t ion  from th.e t ip  source reaches the a e r ia l  
d i r e c t l y ,  some by r e f l e c t i o n  from the w a l ls .  A l t e r n a t iv e ly  these can 
be viex^ed as ra d ia t ion  f i e l d  and leaky waves due to  the source at the 
t ip .  As the r e f l e c t io n s  occur mainly at high incidence angles not much 
energy is  transmitted through the w a l ls .  For example F i g . 4.26 shox*7s 
the poxvrer r e f l e c t i o n  c o e f f i c i e n t  at an incidence angle o f  80 degrees 
fo r  a h a l f  wave w a ll  designed f o r  70 degrees incidence at 3.2 cm, as a 
function  o f  wavelength, f o r  d i e l e c t r i c  constant o f  2,5, 4.0 and 9,0. The 
p o la r is a t io n  is  perpendicular to the plane o f  incidence. For p a r a l l e l  
p o la r is a t io n  the r e f l e c t i o n  c o e f f i c i e n t  is  less  ( f o r  a g iven angle o f  
in c idence ) than i t  is  f o r  perpendicular p o la r is a t io n .  The transmission 
c o e f f i c i e n t  f o r  p a r a l l e l  p o la r is a t io n  is  unity f o r  a loss f r e e  sheet o f  
any thickness x<rhen the wave i s  in c iden t at the Brexirster angle . This 
angle is  71 degrees f o r  alumina.
F I G .  ^ 2 6  P O W E R  R E F L E C T I O N  
C O E F F S C I E N T  A T  8 Q  D E G R E E S  
A N G L E  O F  I N C I D E N C E  F O R
P E R P E N D I C U L A R  P O L A R I S A T I O N .
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I t  th ere fo re  fo l low s  that the energy reaching the a e r ia l  a f t e r  
r e f l e c t i o n  from the w a lls  is  reduced i f  a high d i e l e c t r i c  constant 
m ater ia l is  used, provided that the w a l l  thickness is  h a l f  wave.
That i s ,  a high d i e l e c t r i c  constant is  d e s i r a b l e , i f  the radome is  to 
be use<i over a narrow band o f  frequenc ies . I f  broader band p e r fo r ­
mance i s  requ ired then a lower d i e l e c t r i c  constant is  p re fe rab le  in 
th is  respect.
I f  the radome and a e r ia l  are increased in  s iz e  uniformly in 
a l l  dimensions, but the wavelength and w a ll  thickness remain con­
stan t, then the s ca t te r in g  behaviour at the t ip  is  unchanged. Hence
the amplitude o f  the perturb ing wave due to d i r e c t  ( i . e .  non­
r e f l e c t e d )  rad ia t ion  from the t ip  source decreases as or 1/D*
The same is  true f o r  the rad ia t ion  reach ing .the  aperture a f t e r  
r e f l e c t i o n  from the w a lls  because s ca l in g  the radome does not change
the angles o f  incidence . The power rece ived  in  the main wave ( i . e .
2  2
by transmission through the radome) is  proport iona l to r^ (o r  D ) .
The maximum aberrat ion  caused by a perturb ing plane wave is
p roport iona l to i t s  r e l a t i v e  amplitude and to A^/r (equation (4 - 1 ) ) .
I t  fo l low s  that the aberrat ion  caused by s ca tte r in g  at the t ip ,  f o r  a
given  shape, A  ^ and w a l l  th ickness, is  p roport iona l to ^ Y ^ *  I t
cannot be guaranteed, however, that an increase in s iz e  by an
a rb it ra ry  fa c to r  n w i l l  r e su lt  in  a reduction o f  th is  aberration  by
3a fa c to r  n because the aberrat ion  also depends on the phases o f
the perturb ing waves, which w i l l  not be the same. A lso  the angle o f
a r r i v a l  which maximises aberrat ion  depends on r _/A_ because thed 0
3
maximum value o f  J^(u)/u occurs at u = 2 . 5 .  Thus f o r  r^ = 2§Aq 
the maximum aberration  f o r  a g iven  r e la t i v e  amplitude and phase 
occurs at ij) -  9 degrees but f o r  = 5AQ the aberration  is  a
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maximum when \ji = 4§ degrees. I f  the s iz e  is  increased gradually  the
aberration  due to s ca t te r in g  at the t ip  is  expected to vary p e r io d i -
3c a l ly  w ith  decreasing amplitude p roport ion a l to
In  order to obtain an estimate o f  the magnitude o f  the errors
caused by a x ia l l y  propagating waves in  the ca lcu la t ion  o f  aberration
from measured f i e l d s ,  the aberrat ion  due to an a x ia l  plane wave was
1 1ca lcu la ted  by the perturb ing plane wave theory . The t o t a l  f i e ld s
in  the aperture due to the perturb ing wave and. the main wave were
also ca lcu la ted  and these were used as data in  the computer pro-
gramme employed in  the ca lcu la t ion  o f  aberration  from measured
f i e l d s .  This was done f o r  r e l a t i v e  phases o f  0, 45 and 90 degrees
at the aperture centre. The aberrat ion  curves ca lcu la ted  by the
two methods are shown in F i g s . 4.27 to 4.29. The a e r ia l  diameter was
26 inches and 1 -  (r/ r^ ) aperture i l lum ina tion  was assumed, as 
b e fo re .  I t  is  c lea r  from these resu lts  that n eg lec t in g  the amplitude 
grad ien t term in  equation (2 -6 ) ,  as the ’measured f i e l d s '  programme 
does, introduces e r ro rs .  These are la r g e s t  when the perturb ing 
plane wave is  in  quadrature.
As i t  was expected from the phys ica l reasoning ou tlined  above 
that the a x ia l  wave would be more complex than a uniform plane wave, 
a fu r th e r  te s t  was made in  which the e f f e c t  o f  two plane waves 
t r a v e l l in g  at angles o f  ±5 degrees to the radome axis was examined. 
The aberration  was again ca lcu la ted  by both methods. The waves 
were g iven  equal amplitude and the same phase at the aperture 
centre. The' ob jec t  was to s imulate, in  a very  approximate manner, 
the e f f e c t  o f  r e f l e c t io n s  o f  the energy from the radome w a l ls .
The resu lts  are shown in  F i g s . 4.30 to 4.32. In th is  case the 
e rrors  are not so la rg e ,  at le a s t  f o r  angles o f  look up to about
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12 degrees. R e ferr in g  to F i g . 4.7 i t  can be seen that the d i f f e r en c e  
between the ID and MF curves f o r  the tangent og ive  at 3.0 cm, p a r a l l e l  
p o la r is a t io n ,  is  g rea tes t  f o r  angles o f  look in  the range 
15 to 20 degrees. F i g . 4.32 shows that the e r ro r  in  ca lcu la ted  aberra­
t ion  due to  two perturb ing waves in  quadrature w ith  the main wave 
increases ra p id ly  f o r  angles o f  look g rea te r  than 12 degrees. I t  has 
already been shown that t h e r e ' i s  an a x ia l  wave in  quadrature w ith  the 
main wave f o r  th is  case, and these resu lts  taken toge ther suggest 
that an a x ia l  wave w ith  cross ing components, as in  the leaky waves, 
may e x is t .
4 .3.2 Experiments to d e tec t  a x ia l  waves
Three attempts were made to d e tec t  an a x ia l  wave. In the
f i r s t  an in d ir e c t  approach was adopted and the f i e l d  measuring
equipment (appendix) was used to  t r y  to measure the amplitude
grad ien t which such a wave would produce. The amplitude gradient 
9Ais  —  , where A is  r e l a t i v e  amplitude w ith  respect to a re fe ren ce  
derived  from the transm itter and z is  the d istance along the a e r ia l  
ax is .  The measurements were performed by moving a measuring probe 
in s ide  an otherwise empty radome il lum inated  by an externa l plane 
wave. The probe was moved In the plane o f  o f f s e t  in  a d ir e c t io n  
transverse to the in c id en t wave normal, f i r s t  in  the aperture plane 
then in  steps o f  0.1 inch away from the aperture plane towards the 
transm itter .  The success ive  amplitude p lo ts  were then compared.
The expected amplitude grad ien t was o f  the order o f  0.004 per cm 
(ca lcu la ted  f o r  an a x ia l  plane wave o f  r e l a t i v e  amplitude 0 .1 ) .
The errors  and s e n s i t i v i t y  o f  the equipment were such that no con­
c lu s ive  resu lts  could he obtained from these measurements.
The second experiment consisted  o f  ca lcu la t in g  the vec to r  
’ d i f f e r en c e  f i e l d ’ between the measured and ca lcu la ted  f i e ld s
( F i g . 4.33) at a number o f  poin ts  in  the aperture plane w ith  the 
radome il lum inated  by a plane wave as b e fo re .  In order t o ‘ do th is  
i t  was necessary to e s tab l ish  a phase re ference  by tra vers in g  the 
aperture diameter in  the plane o f  o f f s e t ,  in the absence o f  the 
radome. This was necessary because in  the ca lcu la t ion  o f  f i e ld s  in 
the ID theory the amplitude and phase are determined w ith  respect 
to th e ir  values in the absence o f  the radome. The radome was then 
placed in  p os it io n  and the amplitude and phase measured again. I t  
was found that the shape and average s lope o f  the measured phase 
p lo ts  agreed qu ite  w e l l  in  some cases w ith  the p red ic ted  p lo ts ,  
but that la rge  d iscrepancies in  the d istance Lrom the re fe rence  
phase p lo t  ex is ted .  These d iscrepancies  resu lted  in  d i f fe r en ce  
f i e ld s  o f  very la rge  amplitude which seemed p h ys ic a l ly  u n re a l is t ic .
I t  was thought at f i r s t  that the phase errors  were due to 
d r i f t  or systematic errors  in  the measuring equipment or to the 
use o f  a wrong value o f  radome d i e l e c t r i c  constant. The pred ic ted  
f i e ld s  were reca lcu la ted  using values o f  8.8 and 8 .6 . instead o f  
8.7 fo r  the d i e l e c t r i c  constant, but the o v e ra l l  agreement was not 
improved. Various attempts were made to overcome d r i f t  and improve 
the accuracy o f  the measurements, but without success. I t  was 
concluded th a t . the bas ic  procedure is  unsound since the errors  in  
es tab l ish in g  the re fe rence  l e v e ls  were comparable in  magnitude to 
the d i f f e r en c e  f i e l d .
The th ird  and f in a l  attempt to ca lcu la te  the d i f f e r en c e  
f i e ld s  was then made. In  th is  case, instead o f  t r y in g  to es tab l ish  
a phase re fe ren ce ,  the ca lcu la ted  and measured phase d is t r ibu t ion s  
along the diameter o f  the aperture were superimposed fo r  best f i t .  
This was thought to be j u s t i f i e d  because the measured p lo ts  were o f
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s im ila r  shape to the ca lcu la ted  ones when X^  = 3 cm and because 
the perturbation  being sought was expected to have f a i r l y  small 
r e l a t i v e  amplitude.
The resu lts  f o r  the tangent og ive  at 3.0 cm wavelength f o r  
both p a r a l l e l  and perpendicular p o la r is a t io n  (w ith  respect to the 
plane o f  o f f s e t )  are shown in  F i g s . 4.34 and 4.35. The d i f f e r en c e  
f i e l d s  were ca lcu la ted  fo r  look angles o f  0, 4 and 8 degrees at 
1 inch in te rva ls  along the aperture diameter in  the plane o f  
o f f s e t .  An attempt was made to repeat the process at 3.4 cm wave­
length but the resu lts  obtained were not mutually cons is ten t .  The 
ca lcu la ted  and measured phase p lo ts  d i f f e r e d  more than a t  3 cm, 
p oss ib ly  due to a more severe a x ia l  perturbation .
Consider the re su lt  f o r  X^  = 3.0 cm, p a r a l l e l  p o la r is a t io n ,  
F i g . 4.34. I t  is  seen that the d i f f e r e n c e  f i e l d  has a r e la t i v e  
phase o f  about 100 degrees at the aperture cen tre , agree ing (w ith in  
experimental e r ro r )  w ith  the conclusion o f  sec t ion  3 .6.2 that an 
a x ia l  wave propagates on the radome o f  phase approximately 
90 degrees w ith  respect to the main wave at the centre o f  the 
aperture. The experiment described in  sec t ion  3.6 f a i l e d . t o  show 
whether or not the wave was a surface wave. Comparison o f  the 
amplitude o f  the d i f f e r e n c e  f i e l d  across the aperture diameter 
( F i g . 4.34, 0 degree angle o f  look) w ith  the d is t r ib u t io n  f o r  the 
HE 2^ surface wave ( F i g ; 3.15) shows conc lus ive ly  that the wave is  
not the BE-^ 2 sur^ace wave (which is  the only one near cut o f f  set 
up fo r  8 = 0  degree at th is  frequency) because th is  wave hasAj
decaying f i e l d  amplitude in  a d i r e c t io n  perpendicular to the 
gu iding surface. The surface wave may be present, but i f  so i t  is  
o f  such small r e l a t i v e  amplitude that i t  is  masked by the other 
e f f e c t .
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I t  was r e a l is e d  that the procedure o f  superimposing measured and 
ca lcu la ted  phase curves to obta in  a ’ bes t f i t ’ is  somewhat a rb i t ra ry .  As 
a check various other f i t s  were t r i e d ,  by d isp lac ing  the measured phase 
±5, ±10 and ±20 degrees from .the ’ best f i t '  p os it ion  used in d er iv in g  
F i g . 4 .34a. I t  was found that i f  the displacement exceeded 5 degrees 
e i th e r  way p h y s ica l ly  u n re a l is t ic  re su lts  were obtained in  that the 
d i f f e r e n c e  f i e l d  had excess ive  amplitude or showed an asymmetrical phase 
d is t r ib u t io n .  For displacements o f  ±5 degrees the d i f f e r e n c e  f i e l d  was 
not very  d i f f e r e n t  from F ig .4 .34a  -  i t  showed a maximum on the axis and a 
nearly  plane wave fro n t  w ith  phase o f  very nearly  100 degrees. I t  was 
concluded that an a x ia l l y  guided wave ex is ts  which is  not a surface wave.
Since the t ip  acts as a source and the t o t a l  f i e l d  near a d i e l e c t r i c
. 32guiding structure exc ited  by a source consists  o f  three terms , surface waves
leaky waves and ra d ia t ion  f i e l d ,  i t  i s  j u s t i f i a b l e  to think o f  the a x ia l  wave
as, in  genera l, the sum o f  a l l  three terms. However the surface wave term is
o f  secondary importance f o r  these alumina radomes.
I t  was intended to repeat the experiment o f  sec t ion  3.6,1 a t  other 
wavelengths c lose  to 3.0 cm, as a fu rthe r  check on the nature o f  the a x ia l  
wave. F i g , 3.18 suggests that the a x ia l  wave is  not in  quadrature i f  the 
wavelength is  changed by about 1% from 3,0 cm. Unfortunately i t  was not 
poss ib le  to do th is  experiment as the radome was destroyed a c c id en ta l ly .
Le t  us consider now F ig .4 .35a , (0 = 0 d egrees ) .  This representsLi
the same circumstances as F ig .4 .3 4a ,  in  sp ite  o f  the d i f f e r en c e  in  p o la r is a ­
t ion , because the radome is  a x ia l l y  symmetric and the plane wave is  
in c iden t a x ia l l y  on the radome. To obtain  the resu lts  o f  F i g . 4 .34a the 
measuring probe was moved across the diameter p a r a l l e l  to the e l e c t r i c  
f i e l d  l in e s .  For F ig .4 .35a  i t  was moved perpendicular to  the e l e c t r i c  f i e l d  
l in e s .  At the centre o f  the aperture the d if fe i 'en ce  f i e ld s  should th e re fo re  
be the same, and in  fa c t  the txtfo f igu re s  show that both amplitudes and phases 
agree w ith in  a few per cent.
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Both the resu lts  f o r  0^ = 0 degrees show that the ax ia l  wave 
has maximum amplitude on the ax is ,  decreasing towards the edges o f  
the aperture. This is  cons is ten t w ith  the suggested mechanism o f  a
source at the t ip .  The radome is  a x ia l l y  symmetric, so rad ia t ion
from a source at the t ip  is  r e f l e c t e d  from the w a lls  and trave ls  
towards the a x i s . This may exp la in  the observed.maximum on the ax is .  
The amplitude and phase o f  the a x ia l  wave shown in  F i g s .4.34 
and 4.35 can be used in  ca lcu la t in g  the aberration  produced i f  the 
a x ia l  wave is  assumed to be a uniform plane wave and the perturb ing 
plane wave theory is  app lied .
In  F i g . 4 .35a the mean amplitude is  0.18, and th is  g ives  an 
aberra t ion  s lope o f  -1 .5  minutes/degree at 0^ = 0 degrees. The 
mean value o f  the d i f f e r e n c e  between the ID and NR curves ( F i g . 4.10) 
a lso  has a s lope o f  -1| minutes/degree. At 6^ = 4 degrees the
amplitude and phase are such that aberrat ion  o f  -0 .5  minutes should
occur. This is  too small to  a llow  meaningful comparison w ith  the 
experimental re su lts .  At 0 = 8  degrees the amplitude and phase 
o f  F i g . 4 .35c in d ica te  an aberra t ion  o f  -13 minutes but the mean 
d i f fe r en c e  between the NR and ID curves is  only -  5 minutes.
For 0 = 0  degrees the a x ia l  wave o f  F i g . 4 .34a g ives  aJ-j
cen tra l  s lope o f  -1 .2  minutes/degree, and the cen tra l s lope o f  the 
curve obtained by taking the mean d i f f e r e n c e  between NR and ID 
curves ( F i g . 4 .7 ) is  -1.25 minutes/degree. At 0 = 4  degrees the 
ca lcu la ted  a x ia l  wave aberra t ion  is  -4 minutes which does not agree 
w ith  d i f f e r en c e  between NR and ID curves (+2 minutes mean).
F in a l ly  at 0^ = 8 degrees, using the amplitude and phase o f  
F i g . 4 .34c, the ca lcu la ted  a x ia l  wave aberration  is  -2 .5  minutes but 
the d i f f e r en c e  between NR and ID curves is  -5 ,5  minutes.
95
96
The above resu lts  show that the ax ia l  wave cen tra l  aberration  
s lope can be pred ic ted  from the d i f f e r en c e  f i e l d  obtained at 
6 = 0  degree . The same approach is  less  successfu l fo rLi
0 = 4  and 8 degrees, p oss ib ly  because the asymmetrical e x c i ta t io n  Li
o f  the radome t ip  gives r i s e  to more r e f l e c t e d  energy from the radome
w a l ls ,  making the assumption o f  a plane ax ia l  wave very  inaccurate.
4.4 The e f f e c t  o f  radome s iz e  and d i e l e c t r i c  constant on
in te rac t ion
I t  is  in te r e s t in g ,  and re le van t  to radome design , to consider
the e f f e c t  o f  radome and a e r ia l  s i z e  ( i . e .  r,/A~) on the aberra-d U
t ion  produced by in te ra c t io n .  We w i l l  deal w ith  only the r e f l e c t o r
type o f  a e r ia l  w ith  a fro n t  feed , as used in  the present work.
Consider the two mechanisms o f  s ca t te r in g  by the a e r ia l
postu lated  in  sec t ion  4 .1 .1 .  The energy sca ttered  d i r e c t l y  by the
feed  w i l l  be a function  o f  the type o f  feed , but w i l l  be reasonably
constant i r r e s p e c t iv e  o f  a e r ia l  dimensions. The proportion  o f the
t o t a l  energy in c iden t on the a e r ia l  which is  thus sca ttered
th ere fo re  decreases as r,/A- increases.d u
Some o f  the focused ra d ia t ion  which is  sca tte red  by the feed 
returns to the r e f l e c t o r  and some o f  i t  leaves the system in  other 
d ir e c t io n s .  That proportion  which is  returned to the r e f l e c t o r  is  
assumed to i l lum inate  the r e f l e c t o r  uniformly, because th is  accounts 
f o r  the narrow main beam o f  the s c a t te r  pattern  ( F i g . 4 .3 ) .  Only the 
sca tte red  rad ia t ion  leav ing  the a e r ia l  at la rge  angles to the axis 
contributes to aberration  when the a e r ia l  is  in s ide  a radome. 
Provided that and the fo c a l  length to diameter r a t io  are con­
s tan t,  and the same type o f  feed  is  used, the proport ion  o f  the 
inc iden t energy con tr ibu ting  to aberrat ion  should be independent o f  
r d//40* so because the angle o f  the cone o f  ra d ia t ion
leav ing  the r e f l e c t o r  is  constant f o r  a g iven f  number.
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the r e f l e c t o r .  I f  these are s i g n i f i c a n t  they would have, r e l a t i v e
importance proport iona l to i/ r ^ because the re ce iv in g  cross-
2
sec t ion  is  p roport iona l to r^ and the edge s ca tte r in g  e f f e c t
va r ie s  p rop o r t ion a l ly  to circumference, i . e .  to r^.
I t  fo l low s  that the t o t a l  power in perturbing waves a r r iv in g  
at la rge  angles to the axis decreases s low ly  as increases.
Le t us now examine equation (4 -1 ) .  Since the e f f e c t s  o f  in te ra c t io n  
are most serious f o r  wide angle sca tte red  rad ia t ion  > 30 degrees, 
say, and f o r  a p ra c t ic a l  system rfiX^ > 2.5. Hence u > 7.5. I f
we use the la rge  argument approximation f o r  the e r ro r  i s  only
2% fo r  u = 10 and about 10% fo r  u = 7.5, so i t  i s  not g ross ly  
inaccurate. Equation (4 -1 ) becomes
7/2
The above argum ent n e g l e c t s  s c a t t e r i n g  e f f e c t s  a t  th e  e d g e . o f
Y ) \  6A cos <i) cos
T J  4 " 'T 1 7 2  . ■ cosd / tt s in  y
/ 2 ,rrd \  . , 7ir"
v w 3X11 * ■ ”
. (4-7)
Since the mean value o f  A f o r  the perturb ing wave decreases
as r ,/A„ increases i t  fo l low s  that the aberration  due to a e r ia l -  d U
radome in te ra c t io n  diminishes w ith  increas ing radome and a e r ia l
s i z e ,  a t  le a s t  as ra p id ly  as (A ^ / r . )772.
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I t  i s  a lso o f  in te r e s t  to  consider the e f f e c t  o f  d i e l e c t r i c  
constant on the aberrat ion  caused by r e f l e c t i o n  o f  wide angle 
sca tte red  ra d ia t ion .  This ra d ia t ion  is  inc iden t on the radome at 
incidence angles near zero . The graphs o f  power r e f l e c t i o n  c o e f ­
f i c i e n t  versus wavelength f o r  a plane sheet, F i g . 4.25 (which were 
discussed in sec t ion  4 .2 ,2 .4 )  show c le a r ly  that a high d i e l e c t r i c  
constant is  p re fe rab le  to a small one, fo r  the type o f  radome 
considered, except a t the high frequency end o f  the band.
5.1 Summary o f  the resu lts  o f  Chapters 1 to 4
In Chapter 1 the c o n f l i c t in g  requirements which have to be met
by radomes fo r  homing m iss i le s  were ou t l ined  and the harmful e f f e c t
that excess ive  radome aberration  can have on m is s i le  performance was
described. The aims o f  the author ’ s research, v i z .  to obtain  an
improved understanding o f  the e lectrom agnetic  aspects o f  aberra t ion ,
were s ta ted  to be part o f  a w ider programme, the u lt im ate  ob jec t  o f
which was to formulate a method o f  design ing small radomes o f
improved performance. The research has been concentrated mainly on
three shapes o f  small X, band alumina radomes in a 12.5% frequency
band centred on 9.375 GHz, the frequency a t .which the w a l l  thickness
was h a l f  wave f o r  a 70 degrees incidence angle.
In Chapter 2 the in se r t io n  d i f f r a c t i o n  theory was described.
The b as ic  method is  ou t l in ed  (s e c t io n  2.2 ) f o r  a non-scanning
a e r ia l  but i t  could be applied  to a scanning a e r ia l  by c a lcu la t in g
the a e r ia l  polar diagram fo r  each p os it io n  o f  the feed  in  the plane
o f  in te r e s t  and then determining the angle at which the two po la r
diagrams in te r s e c t .  However th is  is  a lengthy procedure compared
. 7with  the use o f  the id ea l  r e c e iv e r  model. An analysis  was quoted
which shows the id e a l  r e c e iv e r  to  be an adequate model f o r  the
re c e iv in g  systems used in  the research, the ro ta t in g  and nutating
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forms o f  the con ica l scan p r in c ip le .  Experimental resu lts  were 
shown which ju s t i f i e d  the use o f  the id ea l  r e ce iv e r  model fo r  a 
10 inch diameter a e r ia l  in a 4 fo o t  long 12 inch diameter X band 
h a l f  wave radome. A s im ila r  r e s u lt  had been obtained fo r  a 6 inch 
diameter a e r ia l  in the same radome. The id ea l  r e c e iv e r  model was 
th e re fo re  employed in  the c a lcu la t ion  o f  aberration  from the
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CHAPTER 5 -  SUMMARY AND CONCLUSIONS
aperture f i e ld s  when the 6 inch diameter a e r ia l  was used with the 
small ceramic radomes.
The expression fo r  the aberrat ion  (equation (2 -7 ) )  when the 
amplitude gradient is  zero , using an id ea l  r e c e iv e r ,  shows that 
f o r  a g iven  radome the aberra t ion  is  p roport iona l to wavelength.
This is  true i f  the in se r t io n  d i f f r a c t i o n  theory is  ap p l icab le ,  
i . e .  the aperture f i e l d  has reasonably small phase v a r ia t io n s .  These 
conditions e x is t  f o r  la rge  h a l f  wave radomes, e s p e c ia l ly  i f  the 
range o f  incidence angles is  not too great ( i . e .  the fineness 
r a t io  is  less  than 3) -and the d i e l e c t r i c  constant is  h igh . C lea r ly  
the aberration  decreases as under these cond it ions . In
support o f  th is  conclusion aberrat ion  ca lcu la ted  by the in se r t ion  
d i f f r a c t io n  theory is  shown to be in  reasonably good agreement w ith  
measured aberration  f o r  a 12 inch diameter tangent o g iv e .  The 
theory is  inadequate f o r  a 7 inch diameter tangent og ive  o f the 
same fineness r a t io  and w a l l  thickness over the same frequency band 
( F i g . 2 .5 ) .
There are two steps in  c a lcu la t in g  aberration  by the in se r ­
t ion  d i f f r a c t io n  theory, f i r s t  the ca lcu la t ion  o f  the f i e ld s  in the 
aperture and then determination o f  aberration  using th is  aperture 
d is t r ib u t io n .  Having decided that the procedure used in  the second 
step is  reasonably accurate i t  was decided to in v e s t ig a te  poss ib le  
reasons fo r  the f a i lu r e  c o r r e c t ly  to p red ic t  the aperture f i e l d s .
The assumption o f  lo c a l  'p lane wave plane sheet ' transmission
through the curved radome w a l l  is  at f i r s t  s igh t  o f  doubtful
v a l i d i t y ,  e s p e c ia l ly  f o r  high incidence angles. The co rrec t ion
9
formula derived  by Barrar was applied  to severa l radome shapes.
I t  was found that the formula gave physical!}/ u n re a l is t ic  resu lts
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f o r  a radome o f  la rge  curvature. For the shapes o f  most p ra c t ic a l  
in te r e s t  i t  ind ica ted  only a small change in  the aberration  
ca lcu la ted  by the in se r t io n  d i f f r a c t io n  theory. I t  was th ere fo re  
decided not to in v e s t ig a te  the sub ject fu rther .
The ray trac ing  used in  the in se r t ion  d i f f r a c t io n  theory is  o f  
questionable v a l i d i t y  in  the reg ion  o f  the t ip  o f  the radome as the 
dimensions are comparable w ith  a wavelength. The more advanced ray 
theory o f  K e l l e r ' s  geom etrica l theory o f  d i f f r a c t io n ^ 0, which permits 
the sca tte r in g  behaviour o f  some complex ob jects  to be determined, 
cannot be used to  obtain qu an t i ta t iv e  resu lts  because no so lu tion  
to the canonical problem (s c a t te r in g  by a d i e l e c t r i c  cone) is  
a v a i la b le .  However i f  one ca rr ie s  out ray trac ing  at the radome 
t ip  and includes d i f f r a c t e d  rays at the two v e r t ic e s  ( F i g . 2 .8 ) the . . 
re su lts  suggest that there is  b a c k -s c a t t e r in g ,•trapping o f  energy 
( i . e .  surface wave launching), a r e f r a c t i v e  s h i f t  and that there is  
fo rw ard -sca tter in g  o f  energy in to  the aperture.
The resu lts  in  Chapters 3 and 4 show that surface wave 
launching does occur at the t ip  and that rad ia t ion  sca tte red  by 
the t ip  in to  the aperture is  a cause o f  aberra t ion , so the ray 
trac ing  g ives  a q u a l i t a t i v e  in d ica t io n  o f  the s ca t te r in g  process.
Physica l reasoning suggested that ray trapping by the t ip  could 
be an important fea tu re  o f  s ca t te r in g  by the t ip ,  w ith  the radome 
act ing  as a d i e l e c t r i c  tube a e r ia l .  The e f f e c t i v e  c ross -sec t ion  o f  a 
ty p ic a l  tapered d i e l e c t r i c  rod was ca lcu lated  and found to be four times 
g rea ter  than the phys ica l c ross -sec t ion  o f  the a e r ia l .  This a e r ia l  is  
not g re a t ly  d i f f e r e n t  from the t ip  o f  a’ con ica l radome. I t  fo l low s  that 
when a plane wave is  in c id en t on the radome, near a x ia l  incidence , a
s ig n i f i c a n t  f r a c t io n  o f  the in c id en t power could be trapped in  surface
2
waves'because the re c e iv in g  c ross -sec t ion  is  X^/Att times the gain.
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I f  the gain is  only 3 dB th is means that the c ross -sec t ion  is  2 cm , 
about 1% o f  the area o f  the main aperture.
Guided waves, ra d ia t ion  sca tte red  by the t ip  in to  the 
aperture and m u ltip le  s ca t te r in g  between the a e r ia l  and the radome 
are a l l  in  e f f e c t  perturb ing s ig n a ls ,  i . e .  they are small amplitude 
waves a r r iv in g  from d irec t ion s  other than that o f  the main or 
wanted wave. I t  would th e re fo re  be usefu l to have an understanding 
o f  the e f f e c t  o f  a bas ic  form o f  perturbing wave. This is  supplied 
by the perturbing plane wave theory12 which gives  the aberrat ion  o f  ■ 
a perturb ing wave o f  small amplitude in  an id ea l  amplitude sensing 
d ir e c t io n  f in d in g  r e c e iv e r .
In Chapter 3 the waves guided by radomes- were studied and 
th e ir  e f f e c t  on aberration  in ve s t ig a te d .  Since a radome is  a 
tapered d i e l e c t r i c  tube, usually  o f  uniform w a l l  th ickness, a 
s ta r t  was made by examining the propagation o f  a x ia l  surface waves 
on uniform d i e l e c t r i c . tubes. F i r s t  the theory o f  a x ia l  surface 
waves o f  general order was summarised and the behaviour o f  azimuthal 
and whispering g a l le r y  surface waves was described.
Azimuthal waves are not s i g n i f i c a n t  in  the present work because 
they are only launched when a wave is  inc ident at 90 degrees to the 
radome ax is .  The whispering g a l l e r y  modes were shown by physica l 
reasoning to be o f  minor importance.
Solution  o f  the c h a ra c te r is t ic  equation f o r  a x ia l  surface waves 
on a . lo ss  f r e e  uniform tube, f i r s t  f o r  n = 1 and then f o r  n = 1 to 5 
in c lu s iv e ,  showed two in te r e s t in g  re su lts .  I t  was found that 
f o r  a g iven mode depends mainly on the w a ll  thickness o f  the tube and 
va r ie s  slow ly w ith  tube diameter, provided th is  is  more than two or
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three wavelengths, even fo r  a mode c lose  to cut o f f .  The s i g n i f i ­
cance o f  th is re su lt  is  th a t ,  fo r  a gen tly  tapered tube o f  uniform 
w a l l  thickness (such as a radome) the taper forms only a small 
perturbation . The other in te r e s t in g  re su lt  was obtained with the 
second computer programme. This showed that neighbouring modes o f  
a g iven c lass ,  e .g .  EH  ^ (n ~ i> 2j 3, . . , )  have nearly  equal 
guide wavelength on a given  tube at the same frequency, although 
the higher n the nearer the mode is  to cut o f f .  The near 
degeneracy o f  neighbouring modes ind ica tes  that c ircu m feren tia l 
perturbations ( e .g .  a c ircu m feren tia l taper or a departure from 
c ir cu la r  c ross -sec t ion ) could cause mode conversion. This con­
c lus ion  was supported by .the  r e s u lt  o f  an.experiment in which the 
attempted launching o f  the E ^  mode on a radome was fru s tra ted  
by the presence o f  severa l  other modes o f  nearly  the same wave- • 
length.
The e f f e c t  o f  loss  on the propagation o f  surface waves on
radomes.is o f  in te r e s t  because a l l  r e a l  radomes have f i n i t e  lo ss .
However ceramic radomes are g r e a t ly  superior in th is  respect to
2 0
res in  bonded glass f ib r e  radomes. Barlow and Karbowiak and
2 1
Arnbalc showed that one e f f e c t  o f  loss on the. propagation o f  E 
surface waves on d i e l e c t r i c  rods is  to make surface waves w ith  
A/Aq > 1 poss ib le .  I t  has befen found that a s im ila r  e f f e c t  occurs 
f o r  HE modes on a lossy  tube. The author suggested an in te rp re ta ­
t ion  o f  the resu lts  o f  Shutt, showing that the a x ia l l y  guided wave 
detected  was the surface wave. Measurement o f  A/A^ fo r
the mode on a uniform tube o f  the same w a ll  thickness as the 
radome ind ica ted  that the wave could be fa s t  or slow, depending on 
whether or not the frequency was above or below the cut o f f
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frequency fo r  a loss f r e e  tube o f  the same dimensions and 
d i e l e c t r i c  constant.
An analysis  o f  surface propagation on a l in e a r ly  tapered 
d i e l e c t r i c  rod was attempted as i t  was thought that th is  would 
lead to an improved understanding o f  the propagation and s ca tte r in g  
behaviour in  the t ip  reg ion  o f  a radome. I t  was la t e r  found that 
the method o f  separation  o f  va r ia b le s  is  not app licab le  because the 
boundary conditions are not appropria te .
I t  was mentioned above that (and hence the surface
impedance), va r ie s  s low ly  w ith  tube diameter. This was used as 
ju s t i f i c a t i o n  f o r  the app lica t ion  o f  the theory o f  azimuthal 
surface waves to the ca lcu la t ion  o f  the attenuation due to rad ia ­
t io n  experienced by a x ia l  surface waves on the tangent og ive  
radome. Having found that i t  was small fo r  th is  radome then i t  
was reasoned that the e f f e c t  must be small f o r  both the optimum 
secant and the cone s ince both are ogives- o f  la r g e r  generating 
radius than the tangent o g iv e .  I t  fo l low s  that a plane wave 
in c iden t on a radome launches a x ia l  surface waves mainly in the 
t ip  reg ion  and not s i g n i f i c a n t l y  elsewhere.
Having shown that the taper o f  a radome has only a small 
e f f e c t  on propagation except near the t ip  the radome was assumed 
( f o r  the purpose o f  ca lcu la t in g  aberra t ion ) to be a uniform loss 
f r e e  tube in the v i c i n i t y  o f  the aperture. The EE-j  ^ ^ode is  
near cut o f f ,  f o r  the radomes used, at a wavelength o f  3.0 cm 
and th is  mode would be launched by a plane wave inc iden t a x ia l l y  
on the radome. The aberration  s lope o f  radomes is  o ften  
g r e a te s t .a t  0 = 0  degrees so th is  is  an appropriate mode toJLi
s tudy.
The procedure used in  ca lcu la t in g  aberration  invo lved  three
steps:
(1) Solution  o f  equation (3“ 12) and eva luation  o f  the power 
f low  to g iv e  the f i e l d  components o f  the surface wave.
(2) Determination o f  the t o t a l  aperture f i e l d  in  cartes ian  
coord inates.
(3) Ca lcu lation  o f  the aberrat ion  using an i t e r a t i v e  
procedure which turned the a e r ia l  to maximise the rece ived  s ign a l .
The aberration  was ca lcu la ted  fo r  0 = 0 to 20 degrees atLi
3.0 cm wavelength, f o r  three d i f f e r e n t  a e r ia l  diameters. I t  was 
found that the s iz e  o f  the gap between the a e r ia l  and the radome 
a f fe c te d  the aberration  su b s ta n t ia l ly .  The im p lica t ion  o f  th is  
f o r  radome design is  that i f  a su r fa c e■wave near cut o f f  is  so 
s tron g ly  exc ited  as to cause appreciab le  aberration  then a small 
reduction should be made in  a e r ia l  diameter, i f  p o ss ib le .  This 
would e n ta i l  a small reduction in  a e r ia l  gain and an increase in 
beamwidth, but the reduction in  aberra t ion  slope might make th is  
worth doing.
The e f f e c t  o f  vary ing  the r e la t i v e  phase o f  the surface wave
was in  agreement w ith  the perturb ing plane wave theory, that is
the aberration  was zero when the wave was 90 or 270 degrees out o f
phase and the cen tra l s lope was nega tive  fo r  r e l a t i v e  phase o f
180 degrees. I t  was shown that the aberration  due to surface waves
2
va r ie s  more rap id ly  than 1/D f o r  a radome o f  g iven  shape, 
d i e l e c t r i c  constant, X^  and w a l l  th ickness.
Two experiments were performed to 'try  to de tec t  aberration  
due to surface waves at 3.0 cm wavelength using the tangent og ive  
radome. The f i r s t  invo lved  m od if ica t ion  o f  the surface wave propa­
gation  in .th e  v i c i n i t y  o f  the a e r ia l .  The measured aberrat ion  curve
\
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was then compared w ith  that o f  the unmodified radome. No change in  
aberration  could be detected  and th is  suggested that e i th e r  the 
surface wave power was very  small or the surface wave was present 
which was 90 or 270 degrees out o f  phase w ith the main wave.
In the second experiment aberration  curves were measured at 
25 MHz frequency in te r v a ls ,  in  the hope o f  seeing a marked e f f e c t  
on the aberration  due to the rapid  v a r ia t io n  o f  lc^  w ith  
frequency. The hoped f o r  r e su lt  was not obtained, but i t  was 
no ticed  that, the aberration  curves were asymmetrical except in  a 
narrow frequency band near 10 GHz. This region  o f  symmetry was 
a t tr ibu ted  to an a x ia l l y  propagating wave in  phase quadrature w ith  
the main wave. I t  appeared at f i r s t  that the f i r s t  experiment had 
f a i l e d  to detec t  surface wave aberration  because the surface wave 
was in phase quadrature. This in te rp re ta t io n  was shown to be 
in co rrec t  when the f i e l d  o f  the a x ia l  perturbing wave was examined 
(s ec t ion  4 .2 .3 .2 )  and found to  have the wrong ra d ia l  f i e l d  v a r ia ­
t ion  fo r  a surface wave.
In Chapter 4 i t  was shown by physica l reasoning that m u ltip le  
s ca t te r in g  is  bound to take p lace between an a e r ia l  and any rea l  
radome. The s implest s tructure which can y i e ld  any use fu l informa­
t ion  in  this respect i s  an i n f i n i t e  plane d i e l e c t r i c  sheet o f  
uniform thickness. A method o f  ca lcu la t in g  the aberration  due to 
in t e r a c t io n .between an a e r ia l  and a plane sheet was described and 
i t  was shotim that the magnitude o f  the aberrat ion , and i t s  p e r io d ic  
v a r ia t io n ,  could be p red ic ted  w ith  f a i r  accuracy f o r  separation 
g rea ter  than about three wavelengths. The mechanism o f  s ca t te r in g  
by the a e r ia l  was discussed.
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Ray trac in g ,  as used in  the above work, was applied  to the 
rad ia t ion  sca ttered  by the a e r ia l  in s ide  a small radome. I t  was 
found that only rad ia t ion  propagating towards the t ip  o f  the 
radome and rad ia t ion  t r a v e l l in g  almost p a r a l l e l  to the aperture 
plane could be, r e f l e c t e d  back in to  the aperture. I t  was shown 
experim entally  that the former is  o f  secondary importance. The 
method used in the work on the plane sheet.was not app licab le  to 
the wide angle sca ttered  rad ia t ion  f o r  small radomes.because the 
separation o f  the radome and the a e r ia l  was too small. I t  was 
p oss ib le  however to employ the procedure used to ca lcu la te  aberra­
t ion  due to a plane sheet to  exp la in  the resu lts  obtained using a 
6 inch diameter a e r ia l  in s ide  a la rge  con ica l radome.
In the method used to estimate the aberration  caused by 
in te ra c t io n  in  small radomes the f i e l d s  in s ide  an empty radome 
i l lum inated  by a plane wave were measured, at the plane normally 
occupied by the a e r ia l ,  using a small probe. . The .aberrat ion  was 
then ca lcu la ted , using the same method as b e fo re ,  assuming that the 
measured f i e l d  d is t r ib u t io n  was present in  the aperture o f  the 
a e r ia l .  Thus.the f i e ld s  in c iden t on the aperture were exa c t ly  the 
same as in the r e a l  radome, except f o r  the absence o f  perturb ing 
f i e ld s  due to in te ra c t io n .  (The very  small in te ra c t io n  between 
the probe and the radome was n eg le c te d . )  The aberrat ion  was then 
measured using a nutating scan or ro ta t in g  scan a e r ia l .  The 
d i f f e r e n c e  between the measured and ca lcu la ted  aberrat ion  can be 
a t tr ib u ted  to in te ra c t io n  provided that the procedure f o r  ca lcu la ­
t in g  aberration  from the aperture f i e l d  d is t r ib u t io n  is  r e l i a b le .  
The procedure was thought to  be j u s t i f i e d ,  on the basis  o f  the 
experiment r e fe r red  to in  sec t ion  2 .3 .5 ,  but i t  could be upset by 
the presence o f  an a x ia l l y  propagating wave. This is  because the
wave would se t  up a f i n i t e  amplitude gradient and in  ca lcu la t in g  the 
aberration  from the measured f i e ld s  equation (2-7) is  used, in which 
the amplitude gradient is  assumed to be zero. I t  is  d i f f i c u l t  to 
apply the more general express ion , equation (2 -6 ) ,  because o f  the 
p ra c t ic a l  d i f f i c u l t y  o f  measuring the amplitude grad ien t.
The measurements and ca lcu la t ions  described above were carr ied  
out f o r  the cone, tangent og ive  and optimum secant og ive  radomes at 
3.0, 3.2 and 3.4 cm wavelength fo r  p o la r is a t io n  both perpendicular 
and p a r a l l e l  to the plane o f  o f f s e t .  In add ition  to the use o f  the 
ordinary a e r ia ls ,  aberrat ion  curves were also measured fo r  the 
optimum secant and the tangent og ive  using Shutt’ s ’ n o n - r e f l e c t in g ’ 
a e r ia l .  This radome sca tte rs  only a small f ra c t io n  o f  the t o t a l  
energy when a plane wave is  in c id en t upon i t .
The resu lts  supported the v iew , derived  from trac ing  rays, 
that rad ia t ion  sca ttered  at la rge  angles to the a e r ia l  ax is  and 
in c iden t upon the radome near normal incidence is  o f  more importance 
than the rad ia t ion  sca tte red  towards the t ip  o f  the radome. I t  was 
a lso  found that the aberrat ion  due to in te ra c t io n  is  less  at 
frequencies below the centre frequency than at h igher freq u en c ie s , 
The aberration  at the centre and at the high frequency end o f  the 
band is  o f  comparable magnitude to that brought about by v a r ia t io n  
o f  in se r t ion  phase delay over the radome, and none o f  the three 
shapes studied appears superior in  minimising in te ra c t io n .
The errors  in  the ca lcu la t ion  o f  aberration  due to a x ia l l y  
propagating waves were in ve s t ig a ted .  An a l t e rn a t iv e  l in e  o f  
reasoning concerning s ca t te r in g  a t  the t ip  o f  the radome g ives  the 
same re su lt  as the ray trac ing  o f  Chapter 2, i . e .  that the t ip  
sca tters  rad ia t ion  in to  the aperture. I t  is  argued that a high 
d i e l e c t r i c  constant minimises the amount o f  energy from the t ip
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w a lls .  This is  true fo r  a narrow band h a l f  wave radome. A lower
d i e l e c t r i c  constant xjould be p re fe rab le  fo r  reducing the r e f l e c t e d
energy over a broad band. I t  is  a lso  shox-m that the aberration
caused by sca tte r in g  at the t ip  o f  a radome o f  given x^all thickness
2  - - 2
and shape at a f ix e d  wavelength is  p roport iona l to or 1/D ,
provided that most o f  the sca tte red  rad ia t ion  propagates d i r e c t l y  
to the aperture.
The aberration  due to an a x ia l  plane wave x^ as ca lcu la ted  
using the 'measured f i e l d s '  computer•programme and the r e su lt  com­
pared w ith  the exact value obtained from perturb ing plane x-?ave 
theory. I t  was found that the e r ro r  x?as small xriien the perturb ing 
wave was in  phase w ith  the main x-?ave and large  xfrien i t  x^ as 
90 degrees out o f  phase. The e r ro r  introduced by the programme 
Xtfas found to be small xffien the aberration  due to two perturb ing 
plane x^aves at ±5 degrees to the radome axis x^ as ca lcu la ted , except
f o r  r e la t i v e  phase o f  90 degrees and 0 > 12 degrees. The two
JL
perturb ing plane waves x^ere thought to g iv e  a b e t te r  approximation 
than a s in g le  plane x-rnve to the a x ia l  perturbing wave on a radome. 
Thus the improved agreement xrith the exact theory f o r  the two waves 
gave reassurance about the v a l i d i t y  o f  the programme.
A method x<7as devised to determine the 'd i f f e r e n c e  f i e l d ’ , i . e .  
the f i e l d  a t tr ibu ted  to an a x ia l  perturb ing wave launched by 
s ca tte r in g  at the radome t ip ,  f o r  the tangent og ive  radome at 3,0 cm 
wavelength. I t  was shoxm that the a x ia l  perturbing x>?ave is  not a 
surface wave and that i t  is  about 90 degrees out o f  phase xtfith the 
main x^ave. The l a t t e r  r e s u lt  agrees xrith the in te rp re ta t io n  o f  
the experiment o f  sec t ion  3 .6 .2 .  The cen tra l s lope o f  the
s o u r c e  w h ic h  a r r i v e s  a t  th e  a e r i a l  a f t e r  r e f l e c t i o n  from th e  radome
aberration  due to the a x ia l  wave was pred ic ted  accura te ly ,  but fo r  
0 > 0 degree the simple approach used was not success fu l.Li
I t  was shown, by cons ideration  o f  the mechanism o f  s ca t te r in g  
by the a e r ia l ,  that the proport ion  o f  the inc ident rad ia t ion  which 
is  sca ttered  at la rge  angles to the axis o f  the a e r ia l  decreases
as r ^/^Q increases. That i s ,  the mean amplitude o f  the perturb­
ing  waves r e f l e c t e d  in to  the aperture by the radome decreases. 
Further, examination o f  the expression fo r  the aberration  due to 
a perturb ing plane wave o f  g iven  r e la t i v e  amplitude, propagating
at a la rge  angle to the a e r ia l  ax is ,  showed that the aberration
7/ 2
i s  p roport iona l to . I t  fo l low s  that the aberration
due to in te ra c t io n  ( f o r  a g iven shape o f  radome, d/A^ and
7 / 2d i e l e c t r i c  constant) decreases more ra p id ly  than (A^/r^)
I t  was also shown that a high d i e l e c t r i c  constant is  
p re fe rab le  to a low one f o r  minimising the aberration  due to 
. in terac t ion  in  the type o f  radome considered, except at the high 
frequency end o f  the band.
5.2 Conclusions
I t  has been demonstrated that the in se r t ion  d i f f r a c t io n  
theory is  f a i r l y  r e l i a b l e  f o r  the ca lcu la t ion  o f  aberration  f o r  
la rge  radomes but u n sat is fac to ry  f o r  those o f  small s i z e ,  i . e .  
about 5Aq diameter. The inadequacy o f  the theory has been found to 
be mainly due to the fa i lu r e  to p red ic t  the f i e ld s  in  the r e ce iv in g  
a e r ia l  aperture w ith  s u f f i c i e n t  accuracy. The reason .fo r  th is  is  
the presence o f  perturb ing waves which modify the p red ic ted  f i e ld s  
in the aperture. These perturb ing waves a r ise  from three causes:
(1 ) S ca tter ing  at the t ip  o f  the radome. This g ives  r i s e  to 
an e f f e c t i v e  source, at the t ip  o f  the radome. Some o f  the rad ia t ion  
from th is  source propagates d i r e c t l y  to the ajierture and some reaches 
the aperture a f t e r  r e f l e c t i o n  from the w a l ls .  These two components
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constituents o f  the t o t a l  f i e l d  o f  the source. I t  was shown
that the aberration  due to s ca tte r in g  at the t ip ,  f o r  a given wave-
3
length , shape and w a l l  th ickness, is  p roport iona l to ^/r (j or 
1/D . A high d i e l e c t r i c  constant is  des irab le  f o r  a radome which is 
to be used over a narrow frequency band because the energy reaching 
the a e r ia l  a f t e r  r e f l e c t i o n  from the w a lls  is  thereby reduced.
(2) Surface waves. These are launched mainly near the t ip  o f  
the radome and then guided along the radome to the aperture plane. 
Surface waves are only s ig n i f i c a n t  i f  the radome shape, and 
d i e l e c t r i c  constant are such that a mode near, cut o f f  is  s trong ly  
e xc ited .  I f  the d i e l e c t r i c  m ater ia l has appreciab le lo s s ,  so that
a f a s t  surface wave can propagate, experimental evidence suggests .
that appreciab le aberration  can be caused. The aberrat ion  due to
surface waves f o r  a g iven radome shape d i e l e c t r i c  constant, ^ A q
2
and r xA  decreases more rap id ly  than 1/D . The aberra t ion  (on 
a loss f r e e  radome) is  very  s e n s i t iv e  to the s iz e  o f  the gap between
the edge o f  the a e r ia l  and the radome w a l l .
(3) A e r ia l  radome in te ra c t io n  (m u lt ip le  s c a t t e r in g ) .  I t  was
shown th a ts f o r  the types o f  radome studied, aberrat ion  is  caused
by rad ia t ion  sca ttered  at la rge  angles to the re c e iv in g  a e r i a l ’ s
ax is .  A high d i e l e c t r i c  constant minimises the e f f e c t  f o r  radomes
o f  moderate bandwidth. The aberration  caused ( f o r  a given radome
7/ 2
shape, K and d/X/) decreases at le a s t  as rap id ly  as (A^/D)
I t  was found that the a x ia l  perturb ing wave due to  sca tte r in g
at the t ip  was the most serious o f  the three e f f e c t s  and i t  gave
aberration  up to approximately tw ice that caused by in se r t ion  phase 
v a r ia t io n  in the small ceramic radomes used in  th is  research.
can a l s o  b e  r e g a r d e d .a s  th e  r a d i a t i o n  f i e l d  and le a k y  wave
e f f e c t s  wh ile  surface wave aberration  was too small to de tec t on the
ceramic radomes used.
As mentioned in  Chapter 2 the aberration  caused by v a r ia t io n
o f  in se r t ion  phase delay (IPD) over the radome is  p roport iona l to
3Aq/D. I t  is  a lso known that aberrat ion  due to IPD e f f e c t s  is  
approximately p roport ion a l to l/i^K f o r  a narrow band h a l f  wave 
radome o f  given s iz e  and shape.
I t  is  c lea r  from the above considerations that a high d i e l e c t r i c  
constant is  e s s e n t i a l ' f o r  small radomes fo r  use over a narrow
frequency band. I t  is  obvious too why res in  bonded glass f ib r e
/
radomes (K = 4) o f  small s i z e  g iv e  very  poor performance. The 
reason fo r  the comparatively s a t is fa c to r y  resu lts  obtained w ith  
in se r t ion  d i f f r a c t i o n  theory f o r  D/A ~ 10 is  a lso apparent. Com­
paring the aberration  from the various e f f e c t s  w ith  those in  a f i v e  
..wavelength diameter radome which is  otherwise s im i la r ,  i t  is  seen 
from the above resu lts  that the aberration  from IPD e f f e c t s  is  
halved, that from t ip  s ca t te r in g  is  reduced by a fa c to r  o f  8 and 
that due to in te ra c t io n  by 8 /l. In  the smaller radome the la s t  
two e f f e c t s  g ive  aberration  equal t o .o r  greater  than that from IPD 
e f f e c t s ,  so i t  is  c le a r  that these e f f e c t s  are o f  major importance 
f o r  D/Aq = 5 but only o f  second order s ign i f ic a n ce  f o r  D/Aq = 10.
Apart from easing the problem o f  radome design, other 
advantages o f  using a la rge  value o f  D/Aq include improved d is ­
crim ination  when attack ing m u lt ip le  targets  and less  track ing e rro r  
due to the image below the ea r th 's  surface o f  a low f l y in g  ta rg e t .
The modulation s lope , a measure o f  the response o f  a con ica l  scan 
track ing system to displacement o f  the ta rge t  from the a e r ia l  axis
HI
I n t e r a c t i o n  gave  a b e r r a t i o n  o f  s i m i l a r  m agn itu d e  to  i n s e r t i o n  p h a se
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is  a lso p roport iona l to D/Aq . These advantages may a l l  be out­
weighed by other considerations such as small s iz e  (which reduces 
drag and weight and is  thus e s p e c ia l ly  important fo r  a i r  to a i r  
m is s i le s )  and the increas ing  atmospheric attenuation f o r  e le c t r o ­
magnetic waves above J band.
3A design procedure was developed which makes use o f  the 
improved understanding o f  the e lectrom agnetic  aspects o f  radome 
aberration . I t  also employs the .radome qu a lity  c r i t e r i a ,  the 
knowledge o f  the e f f e c t s  o f  radome to lerances and the a b i l i t y  to 
design p r e d ic ta b le .aberrat ion  co rrec t in g  dev ices , a l l  o f  which 
were developed in the main research programme o f  which the present 
work formed a part .
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/ EXPERIMENTAL EQUIPMENTS
A. 1 Aberration  measuring equipment
7The aberration  measuring equipment used m  the research pro­
gramme was capable o f  measuring simultaneously the in -p lane and 
cross-plane components o f  radome aberration  f o r  m is s i le  radomes 
6 inches to 24 inches in  diameter. The frequency band was about 
20% in  X band and the measuring accuracy was nominally ±1 minute o f  
arc. The transm itter and r e c e iv e r  units were mounted on towers 
80 f e e t  apart. The a e r ia ls  were 15 f e e t  above the l e v e l  o f  the f l a t  
ro o f  which supported the towers.
The design o f  the equipment was conven t iona l ' and a s im p l i f ie d  
b lock  diagram o f  the arrangement employed fo r  measurements using 
ro ta t in g  or nutating scan re ce iv e rs  is  shown in F i g . l .  Microwave 
power from a r e f l e x  k lystron  is  fed  to the transm itting horn which 
is  servo con tro l led  in the v e r t i c a l  and h or izon ta l d ir e c t io n s ,  i . e .  
in  the plane normal to i t s  ax is .  Error vo ltages  derived  ;from the 
r e c e iv e r  are used to con tro l  the transm itter p os it io n  so that i t  
l i e s  on the apparent s igh t  l in e  o f  the r e c e iv e r .  The displacement 
of. th e . transm itter from the no-radome p os it ion  is  p roport iona l to 
aberration  f o r  small displacements and is  recorded on an X-Y 
recorder as a function o f  the angle 0^ between the a e r ia l  axis and 
the radome ax is .  The radome can be yawed, p itched or r o l l e d ,  wh ile  
the r e ce iv in g  a e r ia l  is  normally f ix e d .  However the re ce iv in g  
a e r ia l  can be ro ta ted  about i t s  own axis or moved along th is  axis i f  
requ ired . For the measurements described in th is  thes is  the radome 
mount was yawed from +20 degrees to -2 0 .degrees . Before carry ing 
out an aberration  measurement no-radome p lo ts  o f  aberrat ion  versus
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FIG. i B L O C K  D I A G R A M  A B E R R A T I O N  M E A S U R IN G
E Q U I P M E N T
the yaw angle o f  the radome mount were performed. Sheets o f  
absorbing m ateria l on and near the mount were adjusted in  p os it ion  
to cut down spurious r e f l e c t io n s  from ob jects  near the a e r ia l  and 
make the no-radome p lo t  as f l a t  as p oss ib le .  With the 6 inch 
diameter a e r ia ls  used in  the present work the no-radome aberration  
could usually be kept w ith in  the l im its  o f  ±5 minutes o f  arc. The 
aberration  curve would then be measured immediately w ith  the 
radome in p os it io n .
A. 2 F ie ld  measuring equipment
The measurement o f  the amplitude and phase o f  the f i e l d  
d is t r ib u t io n  ins ide  and,'around a radome is  usefu l in studying the 
causes o f  radome aberra t ion . Two cases are. .of in te r e s t ,  v i z .  the 
f i e l d  immediately outside the radome re su lt in g  from a ra d ia t in g  
a e r ia l  in s ide  the radome and the f i e l d  on a plane surface ins ide  .
the radome when a plane wave is  in c iden t from outs ide. The
• )
plane o f  in te r e s t  fo r  the second case, at le a s t  in the present work, 
is  the plane which normally contains the aperture o f  the r e ce iv in g  
a e r ia l .  The aberration  can be ca lcu la ted  from the f i e l d  d is t r ib u ­
t ion  in  the aperture, by using equation (2—7 ),  or the d is t r ib u t io n  
can be compared w ith  ca lcu la ted  va lues.
The f i e l d  is  measured using a p ick  up probe con s is t in g  o f  a 
small d ipo le  w ith  d ir e c to r  and a r e f l e c t o r  fed  from coax ia l l in e .  
The advantage o f  th is  over an open ended waveguide is  i t s  smaller 
physica l s i z e ,  which is  important in  the small radomes used.
A s im p l i f ie d  b lock  diagram o f  the equipment is  shown in  
F i g , 2. The output o f  the microwave generator, a r e f l e x  k lys tron , 
is  s p l i t  and part o f  the output acts as a re fe rence  s ign a l a t a 
balanced mixer. The remainder o f  the output is  fed  to the trans­
m it t in g  a e r ia l  which is  s itua ted  about 200 f e e t  from the radome.
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The re c e iv in g  probe is  driven  between prese t l im its  by a d r ive  
system and the output o f  the probe is  fed to a balanced mixer.
The re fe rence  s ign a l is  fed  to the balanced mixer through a Fox 
phase s h i f t e r  in  which the cen tra l  s ec t ion  contain ing a h a l f  wave 
p la te  is  ro ta ted  by a motor a t a uniform ra te  o f  110 Hz. The 
s igna l coming out o f  the phase s h i f t e r  is  th ere fo re  trans la ted  in 
frequency by 220 Hz. The output o f  the balanced mixer at 220 Hz
re ta ins  the amplitude and phase o f  the RF s ign a l.  The amplitude
record ing is  obtained by r e c t i f y in g  and smoothing part o f  the
output o f  the mixer. The phase record ing is  made by au tom atica lly
c o n t ro l l in g  the phase o f  an induction generator which is  mounted 
on the sha ft o f  the r o ta t in g  phase sh if te r . -  The phase o f  th is  
generator is  c on tro l led  so as to maintain zero output from the 
phase s en s i t iv e  d e tec to r .  The re fe rence  f o r  the phase s en s it iv e  
d e tec to r  is  supplied by the generator and the input to the- phase 
s en s i t iv e  detec tor  is  the 220 Hz s ign a l .
The ob jec t  o f  the compensating length o f  waveguide in  the 
s ign a l path is  to equa lise  the length o f  the waveguide in  the two 
arms o f  the b r idge. This reduces the e f f e c t  o f  changes in ambient 
temperature which cause expansion or contraction  and hence a 
change in  guide wavelength and in  the o v e ra l l  e l e c t r i c a l  length o f  
the arms.
The accuracy o f  phase measurement is  nominally ±1 degree at 
X band. One advantage claimed f o r  th is  method o f  phase measurement 
is  that the measurement is  obtained without changing the e l e c t r i c a l  
length o f  the re fe ren ce  arm o f  the b r idge .  This reduces the errors  
due to standing waves in the arms o f  the b r idge .
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PRINCIPAL SYMBOLS
amplitude o f  perturb ing wave 
inner radius o f ' d i e l e c t r i c  tube
an l ’ an2’ an3,an4
bn l ,bn2’ bn3,bn4
B , C , D , E 
n n n n
c f i e l d  amplitude c o e f f i c i e n ts
d
D
E
E
P
ey
s
f
F
f c
G
G
P
H
Ha )  h <2>
n n
k.r
outer radius o f  d i e l e c t r i c  tube 
r a t io  o f  r a d i i ,  a/b 
w a l l  thickness o f  radome 
base diameter o f  radome 
e l e c t r i c  f i e l d
peak e l e c t r i c  f i e l d  o f  a plane wave
e l e c t r i c  f i e l d  in  a e r ia l  aperture due to surface wave
amplitude w e igh ting  in  a e r ia l  aperture
amplitude po la r  diagram o f  a e r ia l
cut o f f  frequency o f  a surface wave mode
fa r  f i e l d  d i f f r a c t i o n  pattern
power ra d ia t ion  pattern  o f  an a e r ia l
magnetic f i e l d
Hankel functions o f  order n, o f  the f i r s t  and second 
kinds
angle o f  incidence
= /- T
Bessel function  o f  the f i r s t  kind, o f  order n
d i e l e c t r i c  constant
2 2  
co pe -  y .l
2tt/A
0
distance from aperture to t ip  o f  radome
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an in tege r  
= k3b
an in te ge r  
power in  reg ion  i
ra d ia l  d istance in  spher ica l polar coordinates
a e r ia l  radius
-  l/ (k 2b )2 + 1/W2
period  o f  v a r ia t io n  o f  aberration
transmission c o e f f i c i e n t  o f  curved panel
transmission c o e f f i c i e n t  o f  plane panel
time
vo ltage
s ign a l v o lta g e
re fe rence  vo lta ge
TEM wave v e lo c i t y  in  reg ion  i
phase v e l o c i t y  f o r  nth mode
= k 3 b /j
cartes ian  coordinates app licab le  to the a e r ia l  aperture 
cartes ian  coordinates
" V
= a /a 0
B e s s e l  f u n c t i o n  o f  s e c o n d  k i n d ,  o r d e r  n
amplitude grad ien t (Chapter 2) or angle between 
d i e l e c t r i c  sheet and a e r ia l  axis (Chapter 4)
s em i-s p l it  angle o f  con ica l scan a e r ia l
=  2 tt/A
phase o f  f i e l d  in a e r ia l  aperture 
p e r m it t iv i t y
p e rm i t t i v i t y  o f  f r e e  space 
aperture coordinates
angle d e f in in g  con ica l surface in  spher ica l po la r  
coordinates
angle between a e r ia l  axis and radome axis
semi-angle o f  cone
guide wavelength o f  surface wave
fr e e  space wavelength
perm eability
perm eab ility  o f  f r e e  space
complex number descr ib ing  azimuthal v a r ia t io n  o f  
surface wave f i e l d
ra d ia l  d istance in  c y l in d r ic a l  po la r  coordinates
azimuthal angle in  c y l in d r ic a l  or spher ica l polar 
coordinates
r e la t i v e  phase o f  perturb ing wave
angle o f  a r r iv a l  o f  perturb ing wave w ith  respect to 
the a e r ia l  axis
angular frequency
con ica l scan angular frequency
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